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Dye sensitized solar cells (DSSCs) and carbon-based supercapacitors are promising 
energy conversion and storage systems, respectively, because they can be made 
inexpensively, have good performance, and can be integrated into portable and flexible 
electronics. Both systems utilize nanostructured porous electrodes, leading to fewer 
diffusion limitations and higher active surface areas for interfacial processes compared to 
planar electrodes.  
A major drawback of the DSSC design is the use of a liquid electrolyte, since it is 
prone to leakage and evaporation—hindering DSSC applications, durability, and thermal 
stability. A polymer electrolyte (PE) can overcome these shortcomings; however, the 
integration of a PE within the mesoporous TiO2 photoanode of DSSCs with pore openings 
of 10-20 nm and photoanode thicknesses of ~10 µm is very challenging. Solution-based 
deposition methods such as spin coating and drop casting to deposit PEs has led to 
incomplete pore filling inside the mesoporous photoanode, resulting in lower than optimal 
efficiencies. To overcome these challenges, a solvent-free method called initiated chemical 
vapor deposition (iCVD) was adopted to deposit PEs within the porous TiO2 electrode. In 
iCVD, the monomer and initiator are vapors which easily penetrate into the porous 
electrode. By carefully controlling the iCVD processing parameters, complete pore filling 
of PEs into the TiO2 photoanode was achieved, leading to 50% improvement in conversion 
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efficiency. Polymers with ether, ester, pyridine, pyrrolidone, imidazole and epoxy 
functionality were synthesized and integrated. The findings indicated that DSSC 
characteristics, including open circuit voltage, short circuit current density and fill factor, 
can be tuned by polymer chemistry. 
A promising approach to improve the energy density of supercapacitor electrodes 
is to integrate inexpensive conducting polymers (CPs), such as polyaniline (PANI). 
Unfortunately, most CPs are insoluble, and integrating CPs into tortuous electrode pores 
with aspect ratios of >10,000 while preserving the intrinsic pore structures, to retain the 
double layer capacitance, is very challenging. Therefore, similarly to the iCVD process, 
oxidative CVD (oCVD) was chosen to bypass the limited solubility of CPs to deposit thin 
conformal CP films onto porous electrodes. By controlling the oCVD deposition 
parameters, PANI films on the order of a few nm were integrated into carbide-derived-
carbon (CDC) electrodes, leading to a doubling of the capacitance. This yielded a PANI-
only capacitance of ~690 F/g, close to the theoretical value of 750 F/g. 
 This work also combined experiments with first-principles modeling to develop a 
model-guided design and optimization framework, allowing for optimal device design and 
the intelligent selection of polymer chemistries with minimal experimental investigations. 
For example, to determine the effects of PE chemistry on DSSC processes, parameter 
estimation and parametric sensitivity studies were conducted which indicated that a shift 
in the conduction band of TiO2 and a suppression of the back electron transfer at the dye-
TiO2-PE interface was induced by the side group PE chemistry. Furthermore, optimal 
design specifications for a PE DSSC were calculated using the model, and optimally 
performing DSSCs were subsequently fabricated and tested, validating the model. 
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Chapter 1. Introduction 
The growing demand for energy is driven mainly by population and income growth. 
As projected by the United Nations, world population is projected to reach 8.5 billion in 
2050 (vs. 7.3 billion in July 2016), implying that an additional 1.2 billion energy consumers 
will be created.1 Concurrently, world total income in 2030 is expected to be roughly 100% 
higher than the 2011 level. These changes translate into a 2030 world primary energy 
consumption estimate that is 36% higher than the 2011 level.2 
  This increasing demand for energy and growing awareness of the sustainability 
drawbacks of using fossil fuels3 have created significant interest in energy generation from 
renewable and reusable resources, and in the use of more efficient energy-converting and 
energy-consuming systems. As discussed by Smalley,4 the world’s energy needs can be 
completely met sustainably (the “terawatt challenge”) by having six 100 km by 100 km 
solar generation areas at 10% conversion efficiency in strategic locations around the earth.  
However, because of the highly intermittent nature of renewable energy resources 
(such as sunlight and wind), the integration of these power generating systems into utility 
power grids leads to degradation of power quality, unless compensating power storage 
systems are used. To supply power continuously using renewable energy systems, these 
systems must be integrated with energy storage systems. Thus, the problem of efficiently 
and practically harvesting energy from renewable resources is not separable from that of 
efficiently storing it. 
In 2014, globally a total of 22,433 TWh power (electricity) was produced from coal 
(38.9%), gases (22%), hydroelectric (16.8%), nuclear (10.8%), petroleum (4.8%), and 
others (6.7%) (Figure 1-1). The other sources include biomass and waste (2%), geothermal 
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(0.9%), solar/tide/wave (0.7%), and wind (3.1%). In the same year, the U.S. Energy 
Information Administration (EIA) reported a net U.S. electrical power generation of 4,094 
TWh power, which was produced from coal (38.6% vs. 33.2% in 2015), gas (27.8% vs. 
33.0% in 2015), nuclear (19.5% vs. 19.5% in 2015), hydroelectric (6.3% vs. 6.1% in 2015), 
renewables excluding hydroelectric and solar (6.4% vs. 6.7% in 2015), solar (0.4% vs. 
0.7% in 2015), petroleum liquids and coke (0.7% vs. 0.7% in 2015), and others (0.3% vs. 
0.3% in 2015). Figure 1-2 highlights how U.S. electricity from renewables has grown from 
2006 to 2016. The percent of power produced from renewable resources globally and in 
the U.S. in 2014 was 23.5% and 13.1%, respectively. Figure 1-3 shows the past and 
forecasted trends in world electricity generation by source; it shows that world energy 
generation from renewable resources is expected to more than double from 2012 to 2040 
and be about 29% of total electricity generation in 2040. 
 
Figure 1-1. World electricity production from all energy sources in 2014. Data from Ref. 
5.  
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Figure 1-2. U.S. electricity generation from major energy sources. Data from Ref. 6. 
 
Figure 1-3. World electricity generation from major energy sources. Data from Ref. 6. 
Thus, renewable energy growth will outpace fossil fuel growth. However, while 
renewable power resources are very attractive from a sustainability point of view, in terms 
of power grid management, most renewable sources are classified as anti-dispatchable; that 
is, their power output levels change with time and the grid operator usually has no (or very 
little) influence over these changes. Thus, they put an additional burden on both power and 
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energy management. To be able to compensate for the highly intermittent nature of these 
energy sources, better performing power/energy storage systems are necessary. 
1.1. Energy Conversion Technologies 
Photovoltaics are a very attractive renewable energy system as it generates power 
from sunlight, which is freely available everywhere, making it suitable for local power 
generation in remote areas. While silicon-based solar cells are still the commercially-
dominant photovoltaic technology, new technologies using nanocrystalline materials and 
conducting polymer films have attracted considerable attention due to their potential lower 
cost and higher flexibility.7-8 Current research on solar cells are based on organometallic 
perovskites, polymers, oxide nanoparticles sensitized with dye, thin films, quantum dots, 
extremely thin absorbers, and silicon. Present challenges center around additional cost 
reduction, enhancement of minority carrier lifetimes, improved photon absorption, greater 
charge mobility, and ultimately improved efficiency. A promising photovoltaic technology 
is dye sensitized solar cells (DSSCs), which are cheap and easy to manufacture, have good 
efficiency (14%), and can be integrated into the home in many unique ways. 
1.1.1. Dye Sensitized Solar Cells 
The DSSC, first introduced by the Grätzel group in 1991,9 is a promising 
photovoltaic technology that has received significant scientific attention due to its lower 
manufacturing costs compared to conventional silicon-based homojunction solar cells,10 
and currently has cell efficiencies of over 14%.11 Unlike traditional silicon solar cells, 
DSSCs can be made relatively cheap without intensive purification and fabrication steps, 
and over 6,000 research publications have been published dealing with the performance of 
DSSCs.12-13  
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Traditional semiconductor-based solar cells require direct sunlight to operate, and 
have efficiencies of ~20%. In juxtapose, DSSCs can operate at ambient light conditions 
and recent work has shown that DSSCs can achieve a conversion efficiency of 28.9% at 
ambient lighting conditions and 11.3% at full sun, air mass (AM) 1.5.14 This improved 
efficiency at ambient lighting conditions creates opportunities for DSSCs to be integrated 
in many unique ways besides rooftop installations. 
Although the DSSC’s efficiency is currently less than the silicon based cell, it 
shows great promise for optimization due to the fact that the major components of a DSSC 
(inorganic photoanode, photosensitizer, organic electrolyte, platinized counter electrode) 
are all ‘tunable’—unlike in a traditional silicon solar cell. Moreover, a recent renaissance 
of DSSCs have highlighted that more research needs to be done on the electrolyte medium 
and on engineering the interface between the dye-TiO2 and electrolyte to further improve 
performance and stability.15 As illustrated by Figure 1-4, a DSSC is composed of a 
mesoporous TiO2 photoanode coated on a transparent conducting oxide (TCO) layer such 
as fluorine-doped tin oxide (FTO) glass.16 The TiO2 photoanode is sensitized with a 
monolayer of a ruthenium dye, although donor-pi-acceptor organic dyes have also been 
used.17 A common dye is di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-
bipyridyl-4,4’-dicarboxylato)ruthenium(II), commonly known as N719. In a conventional 
DSSC, sandwiched between the photoanode and the platinized TCO cathode is a liquid 
electrolyte containing an iodide/triiodide redox couple. The dye is photoexcited by visible 
light and injects an electron into the TiO2. Electrons move, via diffusion, through the TiO2 
photoanode to the FTO, travel through an external load, back to the cell's platinized 
cathode, and into the electrolyte solution. The electrolyte is typically an organic liquid 
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containing an iodide/triiodide redox couple. The iodide/triiodide redox couple accepts the 
electrons from the cathode and transports them back to the photoanode to regenerate the 
dye.  
Other components for the dye, photoanode, and electrolyte have also been used. 
For instance, recently a porphyrin sensitizer and a Co (II/III) redox electrolyte DSSC has 
been designed with an efficiency of 12.3% at full sun and 13.1% at 0.5 sun.18 TiO2 is 
currently the preferred oxide semiconductor although ZnO, SnO2, and other oxides have 
also been experimentally tested.19 Furthermore, anatase TiO2 is the preferred crystalline 
form because rutile TiO2 has a lower bandgap than anatase, and rutile can absorb a small 
percentage of sunlight in the near-UV region.20 Due to the wide variety of materials 
available to make the DSSC, the tunability and optimization of this technology shows great 
promise. 
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Figure 1-4. Schematic of a polymer electrolyte DSSC, including the major components 
such as the mesoporous network of TiO2 nanoparticles (silver sphere), adsorbed dye 
molecules (purple circle), polymer electrolyte (green), platinum coated FTO glass (right 
side), and redox couple of iodide and triiodide (arrows show the redox shuttle). 
Within the DSSC, dye oxidation takes place through the transfer of an electron from 
a dye molecule’s excited energy level to the conduction band of the semiconductor (TiO2). 
The first reaction that occurs, at the photoanode, is the excitation of the dye, S, by the 
absorption of light: 
S + ℎ𝑣 → S∗ (photoexcitation)    (1.1) 
After this, the dye can undergo oxidative quenching and inject an electron into the 
conduction band of TiO2 or the excited state can decay back to the ground state: 
S∗ → S + ℎ𝑣′ (decay)     (1.2) 
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S∗ → S+ + eCB
−  (TiO2 charge injection)   (1.3) 
The injected electron travels through the mesoporous TiO2 network to reach the current 
collector, and then travels through the external circuit. The oxidized dye is quickly reduced 
to the ground state by the iodide present in the electrolyte: 
2S+ + 3I− → 2S + I3
−      (1.4) 
Another possible reaction to reduce the sensitizer to the ground state is via the 
recombination of the injected electron with the dye: 
S+ + eCB
− → S       (1.5) 
However, as long as the redox couple is present, the time constant of Reaction 1.5 is much 
slower than of Reaction 1.3.21 This fact is why the DSSC has a measurable photocurrent. 
The final reaction that takes place is at the cathode. Here, the triiodide is converted back 
into iodide by the electrons that come from the external circuit: 
I3
− + 2e− → 3I−                                   (1.6) 
This completes the redox shuttle, and allows for the entire cycle to repeat as long as photons 
hits the DSSC. 
The reactions above produce photocurrent that can flow through an external circuit 
and power a load. To test the performance of a DSSC, linear sweep voltammetry is often 
used. This will generate a current density vs voltage (J-V) curve, as seen in Figure 1-5.22  
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Figure 1-5. Typical experimental J-V data showing short-circuit current density, 𝐽SC, open-
circuit voltage, 𝑉OC, and the maximum power point, (𝐽max,𝑉max). 
The efficiency (η) is calculated by: 
𝜂 =
𝐽SC𝑉OC𝐹𝐹
𝑃in
∗ 100       (1.7) 
𝑃in is the power illuminated onto the solar cell, usually 100 mW/cm
2 filtered to AM 1.5, 
and the fill factor (FF) is defined as: 
𝐹𝐹 =
𝐽max𝑉max
(𝐽SCVOC)
         (1.8) 
The more rectangular the J-V curve is, the greater the fill factor will be. Therefore, 
the four parameters—𝐽SC, 𝑉OC, 𝐹𝐹, and 𝜂 are the key performance parameters of a DSSC. 
Another important metric in cell performance is the incident photon-to-electrical 
conversion efficiency (IPCE), which is a quantum-yield term for the overall charge-
injection collection process, measured using monochromatic light. The photocurrent 
measured under short circuit, 𝐽SC, is the integrated sum of IPCE measured over the entire 
solar spectrum:13 
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𝐽SC = ∫ IPCE(𝜆) ∗ 𝐽sun(𝜆)𝑑𝜆
900 nm
0
     (1.9) 
Currently, there are a few methods to increase light harvesting efficiency—from 
using multiple dyes to incorporation of a light reflecting layer. The light reflecting layer 
can be made by introducing TiO2 particles around 100-400 nm.
23 For instance, Chiba has 
shown that this additional layer improved the IPCE (for wavelengths between 400-900 nm) 
and improved performance to 11.1% (using a liquid electrolyte).24 Generally, this 
additional layer reflects non-absorbed photons back to the photoanode, resulting in 
improved light harvesting and higher conversion efficiencies. Recently, the use of a 
photonic crystal layer, as a Bragg reflector has been introduced by Lee’s group to improve 
the overall performance by around 19%.25-26 The photonic structure consists of repeating 
layers of titania and silica which together form a 2 μm layer thickness.25 
1.1.2. Challenges with Current DSSC Design 
 The DSSC is not without its drawbacks. Traditional DSSCs use a liquid electrolyte 
solution consisting of an acetonitrile solution with I− and I3
− ions to facilitate the redox 
reaction between the dye and the cathode. However, the liquid electrolyte is prone to 
leakage and evaporation along with being corrosive to metal contacts such as silver.27-28 
The leakage and volatilization of liquid electrolyte hinders practical DSSC applications, 
and long term stability and thermal stability of the liquid electrolyte DSSC is another 
drawback. Moreover, the liquid electrolyte DSSC design shows significant limitations at 
the photoanode-electrolyte interface. This surface plays a major role in charge 
recombination that occurs in the DSSC and therefore limits the possibly for higher 
efficiencies than the standard of ~11%.21, 24  
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 Due to these concerns, there is currently much interest in replacing the liquid 
electrolyte solution to make a solid-state DSSC. Research directions such as using p-type 
semiconductors,29-30 hole conductors,31-33 and polymeric materials34-36 incorporating the 
triodide/iodide redox couple have been explored. Polymer-electrolyte DSSCs represent a 
promising alternative to conventional liquid-electrolyte DSSCs because they do not leak, 
can be flexible, and have higher open-circuit voltage.37 Generally, polymer electrolytes are 
used for many energy applications—such as high-energy density batteries, DSSCs, and 
other solid-state electrochemical devices and a conductivity of approximately 10−4 
S cm−1 is often required for such processes.38 Polymer electrolytes, as stated by Nogeria, 
have “both the cohesive properties of solids and the diffusive transport properties of 
liquids…[and] are characterized by a high ambient ionic conductivity.”34 Research has 
been done to form a quasi-solid-state DSSC using poly(ethyleneoxide-co-
epichlorohydrin).35 Another benefit of using polymers instead of liquid electrolytes is the 
possibility of increasing cell efficiency by tailoring the material's electronic properties to 
enhance hole mobility and reduce charge recombination loss. Due to their ion-transport 
properties, a polymer electrolyte is an ideal candidate to replace the liquid electrolyte in a 
DSSC.39 Moreover, using a polymer electrolyte provides easy fabrication, good thermal 
and long term stability, and allows for flexible DSSCs which can have novel applications 
in homes and offices. 
 Besides replacement of the liquid electrolyte, research efforts to improve efficiency 
have also focused on development of efficient dye sensitizers,40-43 electrolyte,44-46 
mesoporous TiO2 layer,
47-48 counterelectrode,49-50 and 3-D nanostructured photoanodes.51-
52 Due to the high tunability of these components—augmented with the large number of 
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physical and electrochemical processes such as photoexcitation, redox reactions, electron 
transport, and ion transport—it is vital to develop and incorporate mathematical models 
that can guide and elicit advances towards highly efficient DSSCs. However, compared to 
the wide number of experimental DSSC studies, only a few studies have mathematically 
modeled the DSSC using first-principles, which are based on fundamental continuity and 
transport equations. Nevertheless, accurate first-principles mathematical models can 
provide valuable insight and guidance to facilitate future advances in solar technology. At 
the same time, mathematical modeling must be coupled to real-world experimental studies 
that can validate the model and show that the design is feasible and practical. So first-
principles modeling can work in tandem with experiments,53 allowing for the systematic 
optimization of DSSC design and operation.  
1.1.3. Mathematical Modeling of DSSCs 
Although theoretical and computational approaches have been used to elucidate 
aspects of DSSCs, the number of these studies has been very low relative to the sheer 
volume of experimental studies on DSSCs.54-55 Furthermore, despite the massive amount 
of experimental effort, DSSC efficiency has only improved ~3% (from 11% to 14%) over 
the past 19 years.21, 24, 56-57 This highlights the need for theoretical and computational 
guidance. Also, there have been relatively few studies that combine experimental and 
computational/theoretical approaches to better understand DSSC processes and optimize 
DSSC performance. Fortunately, as computational power has steadily improved, new areas 
previously only accessible to experimentalists have become computationally attainable58 
and recently many DSSC advances have come from modeling and computational design 
of materials.59 
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Many existing DSSC models are often oversimplified, empirical equivalent 
electrical circuits that are inherently incapable of predicting the effects of changes in the 
properties of cell materials and design parameters, such as electrode area, photoanode 
structure, and photoanode thickness, on cell performance.60-62 Because of the intricate 
nature and large number of interactive physical and electrochemical cell processes as well 
as the diverse range of cell materials and components that make up the DSSC, only a first-
principles model can describe the important relations between cell processes/materials and 
predict overall cell performance. The relations allow one to better understand how critical 
design parameters such as the recombination rate constant, effective electron diffusion, and 
the conduction band edge affects DSSC performance. The ability of first-principles 
macroscopic models to predict and resolve interfacial processes is of great importance.63 
There are different elementary mechanisms associated with different cell components—
electron transport in the photoanode, photon adsorption via photosensitive dye, and hole 
transport through the electrolyte medium.64 By adjusting the different energy levels of these 
cell components and improving the electron transfer between the components, it is possible 
to further optimize the DSSC. 
A number of macroscopic and microscopic DSSC models have been developed to 
study conventional liquid-electrolyte DSSCs.53, 65-73 The macroscopic models range from 
models based on continuity and transport equations53 to empirical equivalent circuits,60-62, 
74 while microscopic models primarily involve continuous time random walk simulations.65 
Also, there have been electronic-level DSSC models primarily based on density functional 
theory (DFT) and time-dependent DFT (TD-DFT),59, 75-77 which have been used to capture 
a snapshot of a single process such as charge injection. Macroscopic models can predict 
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how (a) process parameters, such as the electron diffusion coefficient and the 
recombination rate constant, influence the current density-voltage (J-V) performance, and 
(b) the temporal and spatial variations of charge density and other species concentrations 
within the cell, which aid in understanding the internal processes. Electronic- and 
molecular-level models have been used to understand better the adsorption of novel dyes 
onto anatase TiO2 and the effect of an additive on the conduction band edge of TiO2, and 
to predict the optical and electronic properties of novel dyes in liquid electrolyte DSSCs.59, 
76, 78 Recent work has also shown that DFT can be used to model core/shell quantum-dot 
senstized solar cells to understand working mechanisms and charge injection efficiency.79  
There have been a few macroscopic modeling studies of DSSC in recent years.53, 
68-69, 71-72, 80-83 Ferber et al.53 were the first to propose a comprehensive steady-state first-
principles DSSC macroscopic model that considered a pseudo‐homogeneous effective 
medium containing TiO2, photosensitive dye, and the redox electrolyte. Oda et al.
71 built 
upon Ferber et al.’s work by developing a two-phase steady-state model that included a 
bulk liquid-electrolyte phase in addition to the pseudo-homogeneous phase. They used the 
model to study the effect of replacing the liquid electrolyte with an ionic liquid by varying 
the diffusion coefficient of I3
− in both phases and the thickness of the bulk electrolyte phase. 
This model allowed them to isolate the electrolyte layer and study the effects of varying 
the hole conducting medium. However, they did not investigate how other hole conducting 
materials (such as polymer electrolytes) alter cell behavior. Bavarian et al.,84 developed a 
comprehensive transient model of a liquid-electrolyte DSSC that utilized a pseudo-
homogeneous medium representing TiO2, dye, and electrolyte. The model was validated 
and key parameters of the model were estimated from experimental J-V measurements. 
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Furthermore, the transient model provided insight into the internal processes of the DSSC 
under realistic operating conditions. Finally, Wang et al.85 recently developed a first-
principles DSSC model to help understand charge transport via the redox couple in the 
liquid electrolyte, and theoretically calculated a critical thickness of the TiO2 electrode for 
optimal performance.  
Due to its porosity, granularity, and nanoscale heterogeneity, the physical 
description of electron transport in the photoanode is not an easy task. The porous nature 
of the photoanode and the use of a concentrated electrolyte suggest that the macroscopic 
electric field is very small and electron transport occurs mainly by diffusion.80-81, 86-89 The 
porosity of the photoanode also suggests that the electron transport is strongly affected by 
interface and surface defects, and may be influenced by geometry through percolation 
effects.90 It has been hypothesized that the transport of electrons inside the DSSC occurs 
via dispersive transport,91-92 where charge carriers can become trapped in localized states 
so that the kinetics of charge transport are dominated by the time constant for release from 
those trap sites.93-97 Furthermore, the effective diffusion constant appears to be electron 
density dependent,94, 98-99 and photocurrent rise time is electron density dependent and 
shows a point of inflection which is typical of trap filling.72, 100-101 To model this, 
continuous-time random walk models,91 random walks with a multiple trapping model,73, 
90, 102-104 and Monte Carlo random walk with intra-grain scaling have been developed.105 
Besides electron transport, some researchers86, 106 have developed a 3-D architecture of the 
photoanode to simulate transport of electrons through the porous structure. These models 
have provided valuable insight into the DSSC electron transport mechanism. 
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Electronic-level modeling provides the theoretical tools to gain a deeper 
understanding of the fundamental mechanisms that occur in and between different DSSC 
components. At this length and time scale, detailed snapshots of individual processes can 
be captured. Specifically, density functional theory (DFT) and time-dependent (TD-DFT) 
can model the elementary mechanism and components of DSSCs.75-77, 107-117 For DSSC 
modeling, hybrid functionals that explicitly include a fraction of Hartree-Fock exchange 
are popular.114 Furthermore, range-separated hybrids are often recommended instead of 
global hybrids to deal with the “through-space charge-transfer transitions.”76 Relativistic 
effects are often approximated by scalar-relativistic (SR), and to a higher order, by spin-
orbit coupling (SOC) contributions.59 Specifically, predictions made using CAM-B3LYP, 
M06-2X and M08-HX along with using SR- and SOC-TDDFT are in good agreement with 
experimental results.59, 76 This scale of modeling has already successfully determined 
fundamental information of individual materials such as dye structure, energy levels, 
optical absorption spectra, metal-oxide surfaces, conduction band, density of states, and 
the redox potential of liquid electrolytes. In fact, standard DFT/TDDFT including solvation 
effects can predict the electronic and optical properties of ruthenium dyes with high 
accuracy,118-119 along with predicting the ground state and oxidation potentials of N3/N719 
dyes within <0.1 eV of experimental values.120 And screening of new dye molecules in 
terms of their energy level and absorption spectrum can now be done in a few hours of 
computation time.59, 120 Calculations of excitation energy of organic dyes is more 
complicated because of long-range charge-transfer character, and calculated excited states 
are often underestimated. However, using hybrid functionals incorporating Hartree-Fock, 
e.g., MPW1K, help remedy this problem.121 The hybrid exchange-correlation functional 
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CAM-B3LYP, which combines the hybrid qualities of B3LYP and a long-range correction, 
performs well for charge transfer excitation.122 
 First-principles modeling can advance fundamental understanding of materials 
across length and time scales to elucidate the effects of microstructures, surfaces, and 
predict properties and overall cell performance. This allows researchers to observe 
otherwise inaccessible but critical interfacial processes that control operations in DSSCs, 
and help optimize performance. Accurate first-principles mathematical models provide 
valuable insight and guidance to facilitate future advances in solar technology. In 
particular, when these models are coupled with experimental investigations, it allows for 
systematic optimization of DSSC design and operation.  
1.2. Supercapacitors for Energy Storage 
The design and development of novel power storage devices has received 
considerable attention in recent years due to increasing demands for portable electric 
power.19, 123-127 Furthermore, significant research effort is currently being made to develop 
novel power storage devices that are environmentally friendly, inexpensive, and 
lightweight because they are in demand in a number of areas such as wearable electronics, 
automobiles, handheld devices, and power grids.126, 128-132  
A common attribute in power storage devices is the use of high surface area 
nanostructured electrodes (with surface areas over ~1500 m2/g in a some cases)133 where 
interfacial processes between electrodes and electrolytes are critically important for high 
performance. Typical high surface area electrode devices include lithium-based 
rechargeable batteries and carbon-based electrochemical double layer capacitors, also 
known as supercapacitors. When compared to batteries, supercapacitors have several 
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advantages, such as 10–100 times greater power density, higher rate capability, and 
excellent cyclability even after millions of cycles.126, 134-135 Supercapacitors are also low 
weight, low cost, and have fast charge/discharge kinetics.135 Supercapacitors have been 
used in many applications such as electric vehicles, uninterruptible power supplies, DC 
power systems, wearable electronics, and mobile devices.136-137 They are also more 
environmentally friendly than batteries. However, most supercapacitors only have 10% the 
energy density of batteries.134 Therefore improving the energy density of supercapacitors 
is crucial for optimal design of solid-state devices such as smart fabrics, portable and 
flexible electronics, and microelectromechanical systems (MEMS) that are being used 
increasingly, and as demand for portability, safety, lower costs and miniaturization grows. 
To improve the energy density of supercapacitors, the use of a pseudocapacitive 
material that stores charge via chemical reactions has been suggested.126, 138 Redox-type 
capacitors, including conducting polymers and transition metal oxides, have attracted great 
attention as a means to improve the energy density of double layer capacitors for 
applications ranging from mobile flexible devices to electric vehicles and backup 
power.139-141 These composite devices integrate a pseudocapacitive material such as 
conducting polymers into a carbon electrode, thereby synergistically combining faradaic 
and capacitive storage mechanisms. Pseudocapacitive materials, such as intrinsically 
conducting polymers (ICPs) – e.g., polypyrrole (PPY), poly(3,4-ethylenedioxythiophene) 
(PEDOT), polythiophene (PT), and polyaniline (PANI) – are highly appealing for their 
high theoretical capacitance (400-750 F/g), sustainability, and relatively low cost.142 By 
integrating ICPs within a carbon matrix, charge storage capacity can be improved 
significantly, since the reversible electrochemical reactions within ICPs store additional 
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charge. So, the carbon matrix provides a conductive network for continuous ion 
percolation, and ICPs offer high pseudocapacitance. This approach has attracted 
considerable attention in recent years to increase the energy density of supercapacitors. 
Integrating conducting polymers onto carbon nanotubes, conductive carbons, and in-
between graphene and 2D carbide and nitrides (MXene) layers have all shown improved 
device performance.143-145 
However, as electrode designs become more complex and continue to shrink to 
smaller length scales (i.e., nanoscale), the integration of conducting polymers becomes 
more challenging due to de-wetting, and non-uniform and non-conformal deposition. This 
is especially true using traditional solvent-based deposition processes. 
1.2.1. Challenges with Current Supercapacitor Design 
 
A major drawback of integrating ICPs within carbon electrodes is an uncontrolled 
formation of polymer aggregates during synthesis, which makes manufacturing of thin, 
uniform and conformal coatings difficult. Typically, supercapacitors utilizing ICPs exhibit 
poor cycle stability142, 146-148 mainly due to thick polymer coatings, which swell and 
contract substantially on charge and discharge cycles, leading to mechanical 
degradation.128  
 This is especially true using traditional solvent-based deposition processes such as 
chemical bath deposition,149 electrodeposition,150 and solvent casting151 which are unable 
to uniformly and conformally coat microporous (< 2 nm) carbon electrodes throughout the 
entire electrode thickness, typically 100 µm, without blocking pore accessibility to ions.128 
Solvent-based coating techniques often do not preserve the electrode surface area, which 
reduces the double layer capacitance contribution and leads to sub-optimal performance. 
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So, conducting polymers deposited onto carbon electrodes using these methods often lead 
to composite devices with higher energy density (from the faradaic redox reactions of the 
polymers) but at the expense of reduced rate capability and poor cycle life. Furthermore, 
owing to the kinetic limitations of redox processes in thick polymer layers, improvement 
in energy density happens at the cost of power density, thereby losing the inherent 
advantages of supercapacitors. Moreover, the thick polymer films impede ion transport and 
degrade mechanically due to large expansions and contractions upon charge and 
discharge.128, 142, 146-148  
Specifically, liquid-based coating techniques, used in most of the current studies, 
offers limited control on film thicknesses below 1 µm—which is a prerequisite to retaining 
power density and enabling high utilization of the coated material for enhanced energy 
density. In addition, the coating techniques often result in pore clogging or reduction in 
surface area of the underlying electrochemical double layer capacitance (EDLC) electrode, 
which reduces performance. High aspect ratio of pore length to width (>10,000) and 
tortuous pore structure along with liquid surface tension, solution viscosity, poor 
wettability, and solute steric hindrance make conformal coatings nearly impossible. 
Furthermore, poor solubility of ICPs in common solvents such as tetrahydrofuran, 
dimethylformamide, chloroform, and methanol, which is due to their rigid backbone 
structure, limits processability. Also, for electrochemical deposition, the need for a 
conductive substrate limits broad utility significantly. Overcoming these challenges can 
lead to substantially more use of ICPs in power storage.  
If it were possible to deposit an ultrathin (few nm) uniform conformal polymer 
coating into microporous carbon electrodes, then significant improvements in the 
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performance of ICP-integrated supercapacitors could be realized. The ability to fabricate a 
highly-porous electrode with a 1-2 nm ultrathin uniform conformal polymer coating has 
several appealing features. First, it maintains the rapid movement of ions through the pores 
during charge/discharge reactions, preserving the EDLC.152-153 Second, due to the added 
faradaic redox reactions, the ICP coating adds pseudocapacitance charge storage. Third, 
the ICP in the nanometer-thin film will be accessible to the electrolyte and will be 
electrochemically active. These features improve the gravimetric and volumetric 
capacitance, and the energy density, because a 1-2 nm coating does not increase the device 
volume and mass appreciably.126 Fourth, ultrathin coatings do not swell or contract 
significantly during cycling and are able to respond to stress better than thicker coatings, 
leading to better cyclability.145 Fifth, thin films on conducting substrates can be used in 
high power applications, as they can undergo oxidation and reduction at very high rates.128 
1.3. Overcoming Challenges with Polymer Integration in Porous Electrodes using 
Initiated and Oxidative Chemical Vapor Deposition 
Integrating polymers within mesoporous TiO2 of DSSCs and micro/mesoporous 
carbon electrodes of supercapacitors is a major challenge. However, overcoming this 
challenge would lead to superior, higher performance devices. To ensure optimal 
performing DSSCs, there needs to be intimate contact between the polymer electrolyte and 
the TiO2 throughout the entire photoanode layer to ensure the redox couple can reach the 
adsorbed photosensitive dye. As mentioned in Section 1.1.2, a major obstacle with using 
polymer electrolytes within the nanostructured, high aspect ratio and tortuous mesoporous 
TiO2 photoanode is the effect of liquid viscosity, surface tension, solute steric hindrance 
and poor wettability, which leads to ineffective pore penetration using conventional 
polymer deposition techniques such as spin casting and dip coating. Often only the top 2 
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µm out of a 10 µm photoanode layer is in contact with the polymer with the remaining 8 
µm below completely void of polymer.30, 154-156 This reduces device performance because 
a large portion of the adsorbed dye is not accessible to the electrolyte and cannot be 
regenerated. Many leading DSSC researchers, including Grätzel, have stated that 
incomplete pore filling is one of the main factors limiting solid-state DSSC efficiency.44  
To overcome the limitation of current solution-based methods for incorporating 
polymer electrolytes into the mesoporous TiO2, we employ a novel polymerization 
technique called initiated chemical vapor deposition (iCVD).157-158 iCVD is a solvent-free, 
vapor phase adsorption-limited polymerization method that relies on gas-to-surface 
reactions at low pressures. It is especially useful for cases that require penetration of 
nanometer-sized pores and allows for uniform conformal coatings in complex 
geometries.159-160 A wide range of polymers, for many applications and various purposes 
have been fabricated using the CVD approach (Table 1-1), and the polymers have been 
shown to be chemically well-defined.161 For instance, CVD of polymers has allowed for 
functionalized hydrophobic, hydrophilic, antimicrobial, biocompatible, chemically 
resistant, or crosslinked coatings, in addition to synthesizing hydrogels and dielectrics.161 
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Table 1-1. Examples of polymers deposited by iCVD and oCVD and their applications. 
Modified from Ref. 161. 
 
 Using solution-based deposition methods to incorporate polymers within porous 
electrodes often leads to void spaces due to liquid surface tension, diffusion resistance, 
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poor wettability, and solute steric hindrance. Moreover, as pores becomes smaller (nm 
range), liquid phase processing and integration becomes exponentially more challenging. 
Also, thin coatings of insoluble polymers are nearly impossible using solvent-based 
deposition techniques. Conversely, the iCVD method of polymer deposition does not 
require the use of any liquid solvents, which may get trapped in the photoanode and degrade 
performance since they are difficult to remove.37 Using iCVD, the monomer and initiator 
vapors can easily penetrate into the mesoporous TiO2 photoanode and surface polymerize, 
thereby eliminating the current challenges of polymer integration using solvent-based 
methods. Furthermore, the iCVD method is also advantageous for polymers that dissolve 
in only harsh, toxic, or expensive solvents. Moreover, the iCVD method overcomes the 
disadvantage of solvents that can dissolve, swell, or degrade delicate or nanostructured 
substrates, such as paper, plastic, textiles, and membranes. Finally, unlike in solution based 
methods, a post-deposition curing or sintering step is not needed—which is important for 
substrates that cannot tolerate high temperatures.  
The integration of ICPs within microporous carbon electrodes of supercapacitors is 
even more challenging than for integrating polymers into mesoporous TiO2 photoanodes 
of DSSCs. While DSSCs have photoanodes with pore openings of 10-20 nm and 
thicknesses of 10 µm (aspect ratio ~1,000), carbon electrodes of supercapacitors have pore 
openings of ~1 nm and thicknesses of 100 µm (aspect ratio ~100,000). This makes it 
extremely challenging to conformally and uniformly deposit ICPs within microporous 
carbon electrodes while preserving intrinsic pore structures to retain the EDLC. Moreover, 
as discussed in Section 1.2.1, most ICPs are either insoluble or poorly soluble in common 
commercial solvents, thereby limiting processability. This further impedes uniform 
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conformal coatings. In addition, for electrochemical deposition, the need for a conductive 
substrate limits broad utility. Despite these challenges, polymer integration is worthwhile 
because an ICP, such as PANI, has double to 15x the capacitance (485-750 F/g) of a bare 
carbon electrode (50-250 F/g). So an ultrathin coating would retain the pore structure of 
the carbon, which maintains the EDLC, and incorporating simultaneously the redox 
reactions of the polymer thereby providing additional charge storage. To achieve these 
ultrathin, conformal uniform coatings, oxidative CVD (oCVD) was used. Similar to iCVD, 
oxidative CVD (oCVD) is a simple, single step, solvent-free vapor-phase polymerization 
and coating technique, which has been shown to deposit conformal conducting polymer 
coatings thinner than 5 nm onto complex nanostructures,162 flexible substrates, and within 
porous scaffolds.161, 163-164 Previous work has shown that ultrathin (4-5 nm) PT coatings 
could be integrated into a carbon-based supercapacitor for a 2.5x improvement in charge 
storage.162 
1.3.1. Polymer Electrolyte Synthesis using Initiated Chemical Vapor Deposition (iCVD)  
To alleviate the pore filling concerns regarding DSSCs, the fabrication of the 
polymer electrolyte can be done using the novel, solvent-free technique of iCVD.157-158 
iCVD polymerization allows for even, uniform coatings on complex nanoscale geometries 
and is an exceptional technique for allowing polymerization in the pores of the mesoporous 
structure of TiO2. The polymerization mechanism and kinetics of the iCVD process are 
analogous to solution-based free-radical polymerization. As seen in Figure 1-6, a proposed 
free-radical iCVD reaction mechanism involves initiator decomposition into primary 
radicals, followed by monomer and radical adsorption, and subsequent surface reaction. 
As typical for free-radical polymerization, the first surface reaction is initiation of the 
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growing chain, followed by propagation, and then termination. In iCVD, there are three 
termination pathways: bimolecular chain termination through coupling or 
disproportionation, primary radical termination, and primary radical recombination 
(Figure 1-6). Previous work on kinetically modeling the iCVD deposition process for a set 
of acrylate monomers with pendant alkane groups indicated that the deposition rates 
increased with decreasing substrate temperature, which suggested that iCVD is an 
adsorption limited process.165-166 The polymers were confirmed with spectroscopy to be 
linear stoichiometric homopolymers. The calculated heat of desorption was virtually 
identical to reported values of the physisorption of acrylate monomers, and it was 
determined that monolayer formation occurred at a fractional saturation ratio, defined as 
𝑃m/𝑃m
sat, denoted as Z. 𝑃m is the monomer’s partial pressure, and 𝑃m
sat is the monomer’s 
saturation pressure at a given temperature. At a Z value of unity, condensation occurs. So 
Z is an indicator of the surface availability of monomer to undergo polymerization. 
Experimentally, it has been proven that increasing Z, for example from a value of 0.1 to 
0.8, leads to an increase in the iCVD growth rate.161 This further suggests that surface 
adsorption is the rate limiting step in the iCVD process. At moderate Z values, there is a 
linear increase in growth rate with increases in Z, corresponding to bimolecular chain 
termination through coupling or disproportionation. At very low Z values, the growth rate 
is quadratic with Z, because the mode of termination is by primary radicals. Work has also 
shown that molecular weight for iCVD films increases linearly with increasing Z values.161 
Therefore, Z is an overarching parameter that is used to control the iCVD process. 
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Figure 1-6. Proposed iCVD reaction mechanism. (1) Primary radical formation via thermal 
decomposition of initiator. (2,3) Radical and monomer diffusion and surface adsorption. 
(4) Initiation of polymerization by a primary radical attack on a monomer molecule. (5) 
Polymer propagation by addition of monomer units. (6) Termination by bimolecular chain 
termination through coupling or disproportionation. (7) Chain termination via primary 
radical termination through the attack of a primary radical on a polymer radical. (8) Primary 
radical recombination with each other. Modified from Ref. 166. 
 Besides adsorption-limited polymerization, gas-phase polymerization is unlikely 
to occur in iCVD due to several factors. First, the gas phase monomer concentration is 
quite low. Second, at standard operating pressures of 0.1-1 Torr, the frequency of three 
body collisions is low, which results in negligible gas phase propagation.161 Finally, even 
if a monomer dimerizes in the gas phase, the very low vapor pressure of the dimer hinders 
further propagation in the gas phase. Therefore, the surface reaction pathway allows iCVD 
the unique ability to deposit thin conformal coatings in micro and mesoporous electrodes, 
which is important for incorporating polymers within the mesoporous TiO2 photoanode of 
DSSCs. As shown by Nejati et al., nearly 100% pore filling of the TiO2 structure is 
achievable with iCVD.37, 167  
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Since iCVD is an adsorption-limited technique, the monomer and initiator are 
heated to vapors that can easily penetrate into the mesoscale voids and polymerize at the 
surface (Figure 1-7). The initiator is activated (becomes a radical) by a hot filament (250-
350 °C) and polymerization is allowed to occur inside small crevices. Since the reagents 
are vapors, there are fewer barriers to mass transfer. Moreover, iCVD allows for conformal 
coating due to the bottom-up synthesis directly on the surface. By controlling the flowrates 
of the initiator and monomer, reactor pressure, stage temperature, Z, and filament 
temperature and type, it is possible to deposit films into micro and mesoporous electrodes. 
 
 
Figure 1-7. iCVD process where (1,2) monomer and initiator vapors flow into the reaction 
vessel. (3) Monomer adsorbs onto a temperature controlled substrate, (4) initiator 
activation via the heated filament wires, and (5) surface polymerization between initiated 
free radicals and monomers adsorbed onto the substrate surface. 
1.3.2. Conducting Polymer Synthesis using Oxidative Chemical Vapor Deposition (oCVD) 
oCVD polymerization mimics the oxidative step-growth polymerization that has 
been used widely to grow conducting polymers, where the combination of monomer and 
oxidant leads to a polymer thin film. As mentioned previously, one disadvantage of ICPs 
is the processability of conducting polymer is challenging due to their rigid backbone 
structure, which limits their solubility. oCVD overcomes this and enables flexible, 
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electrically conducting thin films. Similar to iCVD, oCVD is hypothesized to occur on the 
surface rather than in the gas phase.161 Therefore surface polymerization of ICPs using 
oCVD facilitates conformal and uniform coatings.168 Also, oCVD has demonstrated the 
ability to deposit thin conducting polymer with tunable properties such as work function, 
conductivity, dopant concentration, and chain length.161 The oCVD deposition method 
provides better experimental control (e.g., coating thickness, polymer loading, etc.) for 
fabricating carbon/ICP devices169-170 than current solution-based methods. Moreover, 
oCVD is scalable to high throughput roll-to-roll processing for commercialization.  
The oCVD process (Figure 1-8) involves flowing vapors of the monomer, often 
aniline or thiophene or 3,4-ethylenedioxythiophene, and the oxidant, often antimony 
pentachloride or vanadium oxychloride or iron trichloride, into the reactor continuously. 
Nitrogen gas is often used as an inert carrier to help transport the oxidant and as a diluent 
to help control the polymerization reactions. The monomer and oxidant are delivered in 
separate stainless-steel tubes to isolate the reactants prior to entering the reaction chamber 
and minimize polymerization and blockage in the gas delivery manifold system. Upon 
entry into the oCVD reaction chamber, the monomer and oxidant vapors adsorb onto the 
substrate surface and surface polymerize via a step-growth mechanism, which mimics the 
oxidative chemical polymerization used in solution-based processes to grow conducting 
polymers.168  
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Figure 1-8. oCVD process where (1,2) monomer and oxidant vapors flow into the reactor 
vessel. (3,4) Monomer and oxidant adsorb onto a temperature controlled substrate, and (5) 
surface step-growth polymerization between adsorbed oxidant and monomer. 
The polymerization of PEDOT using oCVD can illustrate the oCVD step growth 
mechanism (Figure 1-9). First a reaction between an oxidant and monomer yields a radical 
cation of the monomeric unit. Then a pair of radical cations dimerize. The dimers are then 
deprotonated through further reactions with oxidants to yield neutral conjugated species. 
Through a series of reactions analogous to those for the monomer, the deprotonated dimers 
oxidize and react with other radical cations to form higher order oligomers. The step growth 
of the conducting polymers continues through this cycle of formation and oxidation to 
create even longer chains. Unlike the free radical polymerization of iCVD, the addition of 
each monomer to the growing chain requires reaction with several oxidants—with the exact 
number of oxidant molecules for one monomer dependent on which conducting polymer 
is used (PT vs PANI vs PEDOT). This contrasts with iCVD, where one initiated radical 
can induce the polymerization of ten, hundreds, or even thousands of units. Also, in oCVD 
there is no heated filament, unlike iCVD, to initiate the reactions because the oxidant is 
reactive enough. 
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Figure 1-9. Proposed polymerization mechanism for oCVD of PEDOT. (1) Oxidation of 
EDOT and formation of cation radical. (2) Dimerization of cation radical. (3) 
Deprotonation to form conjugation. (4) Additional polymerization from n-mer to (n+1)-
mer. (5) Doping of PEDOT by the oCVD process. Adapted from Ref. 171. 
Similar to iCVD, oCVD has demonstrated the ability to tune the properties of 
conducting polymer films by varying substrate temperature. Keeping all other conditions 
the same but varying substrate temperature over the range from 15 to 110 °C, the electrical 
conductivity for oCVD PEDOT using FeCl3, as the oxidant, increased over six orders of 
magnitude and reached a maximum of 348 S/cm.161 As the substrate temperature increased, 
the conjugation length was also observed to increase. Moreover, increasing substrate 
temperature resulted in a monotonic increase in the doping level from 17 to 33 atomic %, 
32 
 
 
and a corresponding ability to tune the work function of oCVD PEDOT from 5.1 to 5.4 
eV.161 oCVD’s control over the doping level and work function is a great potential 
advantage for organic devices. Besides substrate temperature, to control the deposition 
process, reactor pressure (P), and oxidant and monomer flowrates (Fo, Fm) should be 
precisely regulated. For instance, by controlled the listed parameters, work by the Gleason 
group has demonstrated the utility of oCVD to conformally integrate PEDOT on aligned 
carbon nanotubes and graphene flakes for energy storage, demonstrating improved charge 
storage and stability.143, 172-174  
oCVD has also emerged as an excellent tool to integrate thin and ultrathin (1–10 
nm) polymer films within 3D devices such as batteries, solar cells, and sensors.28, 175 The 
ability of oCVD to overcome the common challenges of solution deposition in polymer 
solar cells has already been demonstrated.28, 143, 168 Conducting polymer coatings of 
PEDOT, PT, and PPY have been synthesized using oCVD.168 oCVD has shown the ability 
to create ultrathin coatings of PT deposited conformally and uniformly within porous 
nanostructures, such as anodized aluminum oxide, mesoporous TiO2, and activated 
carbon.162 The PT-coated activated carbon supercapacitor showed improved cyclability, 
with only a 10% decrease in capacitance after 5,000 cycles along with a 50% improvement 
in gravimetric capacitance, and a 250% increase in volumetric capacitance, compared to 
bare activated carbon.162 The improvement was primarily due to the ultrathin coatings 
retaining the pore structure of the carbon, which maintained the EDLC, and incorporating 
simultaneously the redox reactions of the polymer which provided additional charge 
storage and an increase in the double layer capacitance due to nanoconfinement.162  
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However, despite previous work, which has shown oCVD as a viable technique to 
deposit PPY, PT, and PEDOT,175 there has been no work on oCVD PANI to date. Among 
conducting polymers however, PANI is ideally suited for supercapacitors due to its high 
theoretical capacitance (750 F/g), which is more than double that of PT and three times 
higher than most bare carbon electrodes (250 F/g).142 PANI also has high electrical 
conductivity and greater stability, and can be made with an inexpensive monomer. 
Therefore, a portion of the presented work deals with the synthesis and integration of PANI 
using oCVD, and the subsequent characterization and testing.  
1.4. Thesis Contribution and Summary of Work in Subsequent Chapters 
This thesis lays out a methodology to improve the performance of energy storage 
and conversion systems using an integrated modeling and experimental framework—
which can be applied to a wide number of important systems besides the ones showcased 
here. This work entails combining inexpensive polymers, micro and mesoporous 
electrodes, the CVD approach, and mathematical modeling; allowing for dramatic 
increases in performance for both supercapacitors and DSSCs, as discussed in subsequent 
chapters. Logically, the thesis is divided into two parts, depending on the application—
energy conversion or storage.  
The first part is related to DSSCs. First, novel polymer electrolyte synthesis by 
iCVD and characterization is discussed in Chapter 2. Next, the integration of iCVD 
polymers within the TiO2 photoanode and subsequent polymer-electrolyte DSSC testing is 
described in Chapter 3. Then, first principles mathematical models are introduced in 
Chapter 4 to better understand the effect of polymer chemistry on DSSC performance, 
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while the models are applied in Chapter 5 to optimize the performance and design of 
polymer electrolyte DSSCs.  
The second part of the thesis is related to supercapacitors. Chapter 6 details the 
novel synthesis of PANI using oCVD, and presents a systematic spectroscopic study on 
how oCVD processing conditions impact film chemistry and properties. Chapter 7 
investigates how oCVD processing conditions impact the integration of PANI into micro- 
and mesoporous carbide-derived carbon (CDC) electrodes, and on how processing 
conditions impact electrochemical performance. Chapter 8 combines the knowledge of 
Chapter 6 and 7 to optimize the integration of PANI into CDC electrodes. Finally, Chapter 
9 gives the overall conclusions and the unique contributions of this thesis, as well as offers 
some promising future directions to take based on the results of this work. 
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Chapter 2. Synthesis and Characterization of Poly(Vinylpyrrolidone) and Poly(4-
Vinylpyridine) using Initiated Chemical Vapor Deposition (iCVD)i 
Before integrating polymer electrolytes within the mesoporous TiO2 of DSSCs 
using iCVD, it is important to spectroscopically determine if iCVD can deposit defect-free, 
stoichiometric polymers for use as polymer electrolytes. Furthermore, it is vital to 
determine the kinetics (i.e., deposition rate as a function of iCVD processing conditions) 
of these polymers to facilitate the integration within the TiO2 photoanode. Based on this 
understanding, here iCVD is used to deposit poly(vinylpyrrolidone) (PVP) and poly(4-
vinylpyridine) (P4VP). Fourier transform infrared spectroscopy (FTIR), X-ray 
photoelectron spectroscopy (XPS) and gel permeation chromatography (GPC) were used 
to confirm the deposition of the polymers. Reactor conditions, including gas pressure and 
substrate temperature, were varied to determine the effect on the deposition rate of the 
polymer. The rate of reaction was found to increase with increasing pressure and decrease 
with increasing substrate temperature. Understanding the kinetics of the reaction provides 
a basis for applications of PVP and P4VP thin films in DSSCs and other alternative energy 
applications. 
2.1. Introduction 
The DSSC is a promising photovoltaic technology due to its low cost of materials 
and straightforward implementation.9 A DSSC consists of a photoanode made up of a 
sintered network of TiO2 particles coated with a light-sensitive dye that converts photons 
into electrons, which are transported through the TiO2 to the external circuit. The electrons 
                                                 
i Adapted from Sruthi Janakiraman, Steven L. Farrell, Chia-Yun Hsieh, Yuriy Y. Smolin, Masoud Soroush, Kenneth K. S. Lau. 
Thin Solid Films, 2015, 595, 244-250. Kinetic Analysis of the Initiated Chemical Vapor Deposition of Poly(vinylpyrrolidone) 
and Poly(4-vinylpyridine). 
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return to the cathode of the cell and through the use of a liquid electrolyte containing a 
redox ion couple (iodide/triiodide), the electrons are transferred back to the photoanode to 
regenerate (reduce) the dye molecules. Currently, DSSCs have a reasonable efficiency of 
at least 11-13%.176-177 However, the use of a liquid electrolyte is limiting the efficiency and 
durability of the DSSC. Practically, liquid electrolytes are prone to evaporation, leakage 
and requires binding agents and additional sealing to extend DSSC lifetime.167 
Fundamentally, a liquid electrolyte leads to significant charge recombination inside the cell 
as the photogenerated electrons can be scavenged by the mobile redox ions at the electrode-
electrolyte interface.28, 167 A potential alternative to the liquid electrolyte is the use of a gel 
or solid polymer electrolyte to make the cell more robust and to reduce the propensity of 
ions towards charge recombination.167 However, infiltrating the TiO2 layer with a solid 
material is a challenge. Due to the small, narrow pore structure (10-25 nm pores in a 10-15 
µm TiO2 layer), current liquid-based methods like spin coating or drop casting do not 
provide effective pore filling because of processing issues such as poor liquid wettability 
and strong liquid surface tension. In order to resolve this issue iCVD has been demonstrated 
as an effective means in depositing solid polymer electrolytes with good pore filling (near 
100%) into the TiO2 layer.
167, 178  
iCVD is a technique used to deposit polymer thin films under vacuum. First, 
monomer and initiator vapors flow into the reactor where a heated filament, located inside 
the chamber, activates the initiator. Next, both the activated initiator and monomer adsorb 
onto the surface of the substrate. The activated initiator then begins the polymerization 
process by linking monomer units together to form the polymer chain (Figure 2-1). The 
advantages of iCVD include its lower temperature of operation compared to other hot wire 
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CVD techniques as well as the relative chemical purity and physical uniformity of polymer 
films produced on surfaces. It is a proven technique for numerous applications, including 
hydrogels,179-181 solar cells,167 sensors,182 and various thin film coatings. Compared to other 
film deposition techniques, like spin coating, iCVD does not use liquid solvents during 
processing. This is particularly attractive as the use of liquid solvents during processing 
can often result in a decrease in cell performance from solvent residue and solvent 
incompatibilities with existing cell components. On the other hand, the iCVD process 
occurs in a single step, enabling simultaneous polymerization and coating deposition, and 
provides the necessary physical and chemical control needed for device fabrication.178 
iCVD also has the ability to grow solid polymer inside the nanoscale TiO2 pores and, by 
controlling the relative rates of reactant diffusion and polymerization, uniform growth and 
good filling within the pores can be achieved. The use of a polymer electrolyte, poly(2-
hydroxyethyl methacrylate) (PHEMA), deposited by iCVD has previously been proven to 
increase the effective electron lifetime and overall DSSC power conversion efficiency 
when compared to liquid electrolytes.178 
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Figure 2-1. iCVD process scheme. 
Besides PHEMA, PVP and P4VP are potentially viable polymer electrolytes for 
DSSCs. PVP is a water soluble polymer produced conventionally from the thermally 
initiated free radical polymerization of N-vinylpyrrolidone. Due to PVP’s numerous unique 
properties such as, solubility, dispersion, viscosity modifier, hydrophilicity, adhesion and 
biological inertness,183 there are currently many applications of PVP. PVP is used as a 
binder for pharmaceutical tablets,184 an adhesive in glue sticks,185 additives for batteries,186 
and in membranes for dialysis.187 In addition, PVP has been used as a solid polymer 
electrolyte in thin film supercapacitors188 and as a polymer gel electrolyte in DSSCs.189 
Similarly, P4VP is produced by the thermally initiated free radical polymerization of 4-
vinylpyridine. Coatings based on P4VP have been investigated for applications such as 
corrosion inhibition,190 humidity sensors,191 nitroaromatic sensors,182 and as a copolymer 
gel electrolyte in DSSCs.192 
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As an important step towards the use of PVP and P4VP as polymer electrolytes in 
DSSCs, this work presents a detailed analysis of the effect of iCVD parameters, reactor 
pressure and substrate temperature, on PVP and P4VP polymerization kinetics and 
deposition rate. Detailed characterization of iCVD PVP and P4VP includes a measurement 
of polymer molecular weight and spectroscopic analyses of chemical composition and 
structure. This study will be important in enabling future applications of iCVD PVP and 
P4VP, particularly in applying them as polymer electrolytes in energy devices like DSSCs, 
as a detailed understanding of specific iCVD conditions and impact on deposition kinetics 
will be important in controlling reaction kinetics vs. mass transport that is critical for 
achieving conformal coating and uniform growth of these polymers within complex 3D 
substrate topologies in these devices.178 This research will make tuning of systems for 
optimizing film thickness and properties of PVP and P4VP coatings, produced in iCVD, 
much easier. 
2.2. Experimental Details 
2.2.1. iCVD of PVP and P4VP 
The monomer 1-vinyl-2-pyrrolidone (VP; 99% Aldrich) and the initiator di-tert-
butyl peroxide (TBPO; 98% Aldrich), shown in Figure 2-2a, were used without further 
purification for the polymerization of PVP using iCVD. 4-Vinylpyridine (4VP; 97% 
Aldrich) monomer and di-tert-butyl peroxide (TBPO; 98% Aldrich) initiator, shown in 
Figure 2-2b, were used without further purification for the polymerization of P4VP using 
iCVD. Both polymers were deposited as thin films on silicon substrates in a stainless steel 
custom-built vacuum reactor as described previously.161, 165 The monomers, VP and 4VP, 
were heated in source containers to 80 and 50 °C, respectively, in order to attain sufficient 
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vapor pressure, while initator TBPO was kept at room temperature. For iCVD of PVP, 
vapors of both VP and TBPO were sent into the reactor at flow rates of 1 and 0.2 sccm 
(standard cubic cm per min), respectively, using needle valves. For iCVD of P4VP, vapors 
of 4VP and TBPO were sent into the reactor at flow rates of 5 and 2.4 sccm, respectively, 
using needle valves. The filament wire used for both reactions was Chromaloy O 
(Goodfellow). For PVP, the filament array was heated to 270 °C and kept constant for all 
runs by passing a current of 1.25 Amps through the filament, which produced a voltage of 
20.7 Volts. For P4VP, the filament array was heated to 285 °C and kept constant for all 
runs by running a current of 1.26 Amps through the filament which produced a voltage of 
20.8 Volts. Both reactions used a Sorensen DLM 60-10 DC power supply to power the 
filament. 
 
Figure 2-2. Polymerization reaction of (a) PVP and (b) P4VP. 
Two series of films were prepared for each polymer, one with varying reactor 
pressure and one with varying substrate temperature. For the PVP pressure series, the 
substrate temperature was kept constant at 33 °C, and the pressure was varied between 13.3 
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and 33.3 Pa (0.1 and 0.25 Torr). For the PVP temperature series, the pressure was kept 
constant at 20 Pa (0.15 Torr) and substrate temperature was varied between 30 and 43 °C. 
The P4VP pressure series kept the substrate temperature constant at 15 °C and varied the 
pressure from 53.3 to 133.3 Pa (0.4 to 1 Torr). The P4VP temperature series kept the 
pressure constant at 106.7 Pa (0.8 Torr) and varied the substrate temperature from 10 to 25 
°C. Due to the temperature gradient resulting from the temperature difference between the 
heated filament and cooled stage, the actual temperature of the substrate was measured at 
each condition using a K-type thermocouple attached directly to the silicon wafer substrate. 
The reactor pressure was maintained at a specified setpoint using a pressure controller 
(MKS Instruments, 626A) connected to a downstream throttle valve (MKS Instruments, 
156) located between the iCVD reactor and a dry vacuum pump (Edwards Vacuum, iH80). 
The substrate temperature was controlled by backside contact with a stage cooled or heated 
using a thermal fluid recirculating through a chiller/heater (Thermo Electron, Neslab RTE-
7). 
 An important parameter influencing iCVD deposition rate as will be discussed 
herein is the fractional saturation 𝑃m/𝑃m
sat ratio, Z, of the monomer partial pressure, 𝑃m, 
and the monomer saturation pressure, 𝑃m
sat, determined at the substrate temperature. 𝑃mwas 
calculated as the total reactor pressure multiplied by the fraction of the monomer flow to 
the total molar flow, and 𝑃m
sat was calculated from the Clausius-Clapeyron equation based 
on a fit to literature vapor pressure data. 
2.2.2. Polymer Characterization 
In order to confirm the deposition of PVP and P4VP, several characterization 
techniques were utilized. FTIR spectroscopy measurements were performed on a Thermo 
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Nicolet 6700 spectrometer in normal transmission mode. After a 5 minute purge of nitrogen 
gas to reduce atmospheric moisture and carbon dioxide in the sampling chamber, 32-64 
scans were taken from 400-4000 cm-1 using a deuterated triglycine sulfate detector of a 
background spectrum of bare silicon. Once removed, each sample was placed in the 
spectrometer and allowed to purge again with nitrogen gas for 5 minutes, and scanned 32-
64 times against the clean silicon background. The major spectral peaks were analyzed for 
chemical groupings specific to the monomers, N-vinylpyrrolidone and 4-vinylpyridine, and 
polymers, PVP and P4VP. All FTIR spectra were baseline corrected. 
XPS was done on a Physical Electronics VersaProbe 5000 with a scanning 
monochromatic source from an Al anode and with dual beam charge neutralization. High 
resolution XPS spectra of C1s were aquired in high power mode of 100 W over a binding 
energy range of 280 to 300 eV. The resulting spectra were compared to literature data in a 
polymer XPS database.193  
GPC was done to determine the molecular weight and polydispersity of both PVP 
and P4VP. An HPLC-grade tetrahydrofuran solvent (OmniSolv 99.9%) was used to make 
a concentration of 1 mg/ml of polymer in solution, which was then injected into the GPC 
column and analyzed using a refractive index detector. Molecular weight and distribution 
were determined based on a calibration curve of different poly(styrene) standards of known 
molecular weights.  
The thickness of each PVP and P4VP film was estimated using a M-2000U 
spectroscopic ellipsomter from J. A. Woollam with scans at 60°, 70°, and 80° angles. Raw 
amplitude and phase change data were fitted to a film model created in the WVASE32 
software that consists of a bare silicon substrate, a 7 Å native oxide layer, and a Cauchy 
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model layer to represent the PVP and P4VP polymer film. By minimizing the mean squared 
error using WVASE32, the converged film model provided an estimate of film thickness 
and optical constants that best fit the sample data. Average deposition rate was then 
calculated by dividing the thickness of the film over the total measured reaction time.  
2.3. Results and Discussion 
2.3.1. PVP Structure and Composition 
Figure 2-3 compares the FTIR spectra of a PVP film and the corresponding 
monomer VP. All PVP samples in the experimental pressure and substrate temperature 
series have identical FTIR spectra. For PVP, the broad peak around 2800-3000 cm-1 
represents CHx stretches and the peaks from 1400 to 1500 cm
-1 represent the C–C stretch. 
The C–N stretch is identified by the peaks from 1250 to 1335 cm-1. The strong intensity 
peak at approximately 1680 cm-1 represents the C=O stretch and is close to the previously 
reported value of 1682 cm-1 determined using FTIR after iCVD synthesis.194 The absence 
of the peak at 1631 cm-1 for PVP, indicating the vinyl bond in the monomer VP, signifies 
that polymerization has occurred through the anticipated C=C bonds. Further proof of 
polymerization is the absence of the peaks from 650 to 1000 cm-1 for PVP, representing 
the =C–H bend of the monomer VP, again signifying that the C=C double bond is broken 
during free radical polymerization.  
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Figure 2-3. FTIR spectrum of VP monomer and PVP polymer. 
XPS was also done to confirm the deposition of PVP. Figure 2-4 shows a high 
resolution C1s scan of the polymer. The scan can be resolved into four separate carbon 
bonding environments that are matched to the chemical structure of PVP. Peaks 1-4 
correspond to the carbons of the C–C–C, C–C–C=O, C–N and C=O bonds of PVP, 
respectively. Table 2-1 details the percent area under each resolved peak and the 
corresponding experimental peak intensity ratios relative to the C=O peak (peak 4). The 
experimental ratios can be compared to the theoretical ratios based on the expected polymer 
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stoichiometry of PVP. The stoichiometric chemical structure of PVP leads to 2:1:2:1 ratios 
of peaks 1, 2, 3 and 4, respectively, while the experimental ratios are found to be 
2.23:1.00:1.96:1.00, which are close to the theoretical values. The FTIR and XPS results 
therefore indicate the iCVD polymerization of PVP. 
 
Figure 2-4. C1s XPS scan of PVP and the corresponding resolved C1s peaks 
Table 2-1. Resolved C1s peaks of PVP with their respective binding energy and 
intensity. 
 
2.3.2. P4VP Structure and Composition 
Figure 2-5 compares the FTIR spectra of a P4VP film and the corresponding 
monomer 4VP. All P4VP samples in the experimental pressure and substrate temperature 
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series have identical FTIR spectra. For P4VP, the broad peaks at around 3000 cm-1 
represent the CHx stretches with the peak at 2935 cm
-1 specifically assigned to the alkyl C–
H bonds. The peaks from 1400 to 1500 cm-1 represent the aromatic C–C stretch while the 
C–N stretch is identified by the peaks from 1250 to 1335 cm-1. Peaks from 990 to 1100 cm-
1 represent the C=C bonds in the aromatic pyridine ring. The absence of the peak at 1631 
cm-1 for P4VP, indicating the vinyl bond in the monomer 4VP, signifies that 
polymerization has occurred. This vinyl group would normally be found in para 
arrangement with the nitrogen atom on the aromatic ring. However, as the monomer 
polymerizes, the double bond of this vinyl group is opened and creates a single-bonded 
chain that propagates with opened vinyl groups on other monomer molecules, as indicated 
by the appearance of alkyl C–H bonds. 
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Figure 2-5. FTIR spectrum of 4VP monomer and P4VP polymer. 
Besides FTIR, XPS was performed to confirm the formation of P4VP. Figure 2-6 
shows a high resolution C1s scan of the polymer. The scan can be resolved into three 
different carbon bonding environments that are matched to the chemical structure of P4VP. 
Peaks 1-3 correspond to the carbons of the aliphatic C–C and aromatic C–C and C–N bonds 
of P4VP, respectively. Table 2-2 details the percent area under each resolved peak and the 
cooresponding experimental peak intensity ratios relative to the C–N peak (peak 3). 
Comparing the experimental ratios of 1.10:1.51:1.00 for the three peaks (1, 2 and 3, 
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respectively) to the theoretical ratios of 1:1.5:1 based on the expected polymer 
stoichiometry of P4VP, the close agreement in the XPS results together with the FTIR data 
indicate the iCVD polymerization of P4VP. In Figure 2-6, there are three further resolved 
albeit weak peaks at higher binding energies that are shake-up satellites of the main peaks 
typically observed in unsaturated and aromatic systems.195  
 
Figure 2-6. XPS C1s scan of P4VP and the corresponding resolved C1s peaks. The low 
intensity peaks at higher binding energies are the shake-up satellites of the main peaks. 
Table 2-2. Resolved C1s peaks of P4VP with their respective binding energy and 
intensity. 
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2.3.3. Molecular Weight and Distribution 
In addition to FTIR and XPS, GPC was done to determine representative molecular 
weight and polydispersity of both PVP and P4VP. PVP deposited at a fractional monomer 
saturation, Z, of 0.745 was found to have a number average molecular weight (Mn) of 
18,165 g/mol and a polydispersity index of 1.47. For P4VP deposited at a Z value of 0.162, 
the molecular weight ranged between 12,000 and 2,200,000 g/mol with a Mn of 191,000 
g/mol and a polydispersity of 3.74. For P4VP deposited at a Z value of 0.410, the molecular 
weight ranged between 10,500 and 3,100,000 g/mol with a Mn of 260,000 g/mol and a 
polydispersity of 3.71. The high values of polydispersity for the iCVD PVP and P4VP 
polymers are expected of thermally initiated free radical polymerization, which in general 
produces broad molecular weight distributions due to the continuous growth of polymer 
chains during monomer conversion as more polymer chains are being initiated and 
created.196 These results are similar to results from previous iCVD work161 with the 
formation of high molecular weight polymers with broad dispersity and in which molecular 
weight is shown to increase with increasing Z. 
2.3.4. Deposition Kinetics 
The deposition rate of each polymer film was calculated by measuring the thickness 
from spectroscopic ellipsometry and dividing it by the total reaction time. Figures 2-7a 
and 2-7d show the deposition rate vs. gas pressure for PVP and P4VP, respectively. The 
deposition rate increases linearly with increasing reactor pressure at a constant substrate 
temperature. This result is intuitive as increasing pressure increases the monomer 
concentration for the polymerization reaction. Figures 2-7b and 2-7e describes the 
deposition rate of PVP and P4VP as a function of substrate temperature at constant reactor 
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pressure. For both polymers, the deposition rate decreases with increasing substrate 
temperature. This result is not intuitive in that normally the rate of reaction increases with 
increasing temperature for normal Arrhenius behavior. Instead, the observed trends 
indicate that PVP and P4VP deposition is favored on a colder substrate and have a faster 
rate of polymerization at a lower temperature. This implies that the deposition rate is 
limited by the rate of adsorption of monomer to the substrate rather than the intrinsic 
polymerization rate. This has been observed in many other iCVD polymerizations.178, 197 
With more adsorbed monomer present on a colder surface, the increased surface 
concentration of monomer leads to a corresponding increase in reaction rate at the surface 
to create a thicker film.165 In regards to the effect of the initiator on the deposition rate, the 
results here indicate that changes in initiator concentration in the gas phase or at the surface 
did not have any significant impact on deposition kinetics. This has been observed in 
typical iCVD operating conditions in which iCVD kinetics are generally zero order with 
respect to the initiator concentration.166 
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Figure 2-7. Deposition rate of PVP as a function of (a) gas pressure, (b) substrate 
temperature, and (c) Pm/Psat. Deposition rate of P4VP as a function of (d) gas pressure, (e) 
substrate temperature, and (f) Pm/Psat. 
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Figures 2-7c and 2-7f show the deposition rate of PVP and P4VP as a function of 
the fractional saturation ratio of the monomer pressure to saturation pressure, Z, 
respectively, plotted for both the reactor pressure and substrate temperature series for each 
polymer. Z essentially represents the surface concentration of monomer on the substrate 
surface and the collapse of rate data for a wide range of deposition conditions to a single 
linear relationship with Z strongly indicates that this monomer adsorption parameter is key 
to controlling iCVD polymerization kinetics. For instance, a thin film is deposited faster at 
a Z closer to 1, the saturation point, than at a lower Z. However, if Z is greater than 1, the 
reaction is being run over the saturation pressure and the monomer vapor will most likely 
condense on the substrate rather than polymerize. The linear increase in deposition rate 
with the surface monomer concentration suggests polymerization is first order with respect 
to the respective monomer, which agrees with a thermally initiated free radical 
polymerization mechanism.196 This also agrees with previous work that has studied the 
effect of Z and how it relates to the surface concentration of the monomer.166 
2.4. Conclusions 
In summary, PVP and P4VP were deposited under various iCVD reactor 
conditions. The deposition rate for both polymers was found to increase with increasing 
reactor pressure and decrease with increasing substrate temperature. The fractional 
saturation of the monomer, Z, is found to be the unifying parameter influencing deposition 
kinetics. These results aid in identifying suitable reactor conditions for polymer integration 
in alternative energy applications such as DSSCs. 
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Chapter 3. Synthesis and Integration of Poly(1-Vinylimidazole) into Mesoporous 
TiO2 Photoanodes of DSSCs using iCVD for Enhanced Solid-State DSSC 
Performanceii 
After spectroscopically verfiying the stochiometric chemistry of polymers 
synthesized by iCVD and understanding the kinetics of iCVD as a function of processing 
conditions (Chapter 2), the next objective is to optimize the deposition and integrate of 
polymers within the mesoporous TiO2 photoanode of DSSC and to test the solid-state 
DSSC device. This work demonstrates this; from synthesis and characterzation of a new 
iCVD polymer to integration and DSSC testing. Importantly, this work also adds to the 
knowledge gained in Chapter 2 by synthsizing a crosslinked polymer (i.e, a copolymer) 
using iCVD.  
Here, iCVD is used to integrate poly(1-vinylimidazole) (PVIZ) into the 
mesoporous photoanode of DSSCs. To our knowledge, this is the first reported 
demonstration of PVIZ via iCVD as a novel polymer electrolyte in DSSCs. FTIR and XPS 
verified the iCVD polymer as stoichiometric PVIZ. Polymer deposition rate was found to 
increase with increasing reactor pressure and decreasing substrate temperature. The kinetic 
studies further determined that the surface polymerization reaction is first order with 
respect to the surface monomer concentration. The power conversion efficiency of DSSCs 
incorporating crosslinked PVIZ was found to be 27% higher than that of liquid electrolyte 
DSSCs as a result of higher open circuit voltage and short circuit current. 
                                                 
ii Adapted from Yuriy Y. Smolin*, Austin G. Kuba*, Masoud Soroush, Kenneth K. S. Lau. Chemical Engineering Science. 2016. 
154, 136-142. Synthesis and Integration of Poly(1-Vinylimidazole) Polymer Electrolyte in Dye Sensitized Solar Cells by 
Initiated Chemical Vapor Deposition. *Authors contributed equally. 
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3.1. Introduction 
The DSSC, first introduced by the Grätzel group in 1991,9 is a promising 
photovoltaic technology that has demonstrated cell efficiencies of over 14%11 and can be 
manufactured at a lower cost than conventional silicon-based homojunction solar cells.10 
Most DSSCs are composed of a mesoporous TiO2 photoanode coated on a transparent 
conducting oxide (TCO) layer.16 This TiO2 photoanode is sensitized with a monolayer of 
a ruthenium dye like di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-bipyridyl-
4,4’-dicarboxylato)ruthenium(II), commonly known as N719. In a liquid electrolyte 
DSSC, sandwiched between the photoanode and the platinized TCO cathode is a liquid 
electrolyte containing an iodide/triiodide redox couple. The dye is photoexcited by incident 
light and injects electrons into the mesoporous TiO2. The electrons then move via diffusion 
to the transparent conducting oxide, go through an external load, and finally come back to 
the platinized cathode. The iodide/triiodide redox couple then accepts the electrons from 
the cathode and transports them back to the photoanode to regenerate the dye.  
A major limitation of the current DSSC design is the liquid electrolyte, which is 
prone to leakage and evaporation along with being corrosive to metal contacts such as 
silver.27-28 Furthermore, electron recombination loss is significant at the TiO2-electrolyte 
interface. Therefore, replacing the liquid electrolyte can enhance DSSC performance and 
address the other major issues with the liquid electrolyte. In our previous work, it was 
shown that replacing the liquid electrolyte with a polymer electrolyte leads to higher 
performance along with the ability to tune the current-voltage (J-V) behavior of the cell.28, 
198 To a major extent, this increase has been attributed to a stabilized and enhanced 
photoanode-electrolyte interface. Furthermore, polymer electrolytes have relatively high 
ionic conductivity, which make them an excellent alternative to the liquid electrolyte.39 
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To ensure optimal performing DSSCs, there needs to be intimate contact between 
the polymer electrolyte and the TiO2 throughout the entire photoanode layer to ensure the 
redox couple can reach the absorbed dye. However, due to the nanostructured, mesoporous 
nature of the TiO2 photoanode and the effects of viscosity on fluid transport in such a 
structure, conventional polymer deposition techniques such as spin casting and dip coating 
lead to ineffective pore penetration. Often only the top 2 µm out of a 10 µm photoanode 
layer is in contact with the polymer with the remaining 8 µm below completely void of 
polymer.30, 154-156 This reduces device performance because a large portion of the adsorbed 
dye is not accessible and cannot be regenerated. To overcome the limitation of current 
methods for incorporating polymer electrolytes into the mesoporous TiO2, we employ a 
novel polymerization technique called iCVD. iCVD is a solvent-free polymerization 
method that relies on gas-to-surface reactions at low pressures. This makes it especially 
useful for cases that require penetration of sub-micron and nanometer-sized pores. Another 
advantage of this method of deposition for DSSCs is that it does not require the use of any 
liquid solvents, which may get trapped in the photoanode and degrade performance since 
they are difficult to remove.198  
In iCVD, the monomer and initiator are delivered into a vacuum chamber as vapors 
(Figure 3-1). They flow past a series of heated filaments whereupon the initiator is 
thermally decomposed into free radicals without degrading the monomer. Subsequently, 
monomer vapor adsorbs on a cooled substrate surface and surface polymerization occurs 
through monomer addition and polymer chain propagation at activated initiator sites. 
Utilizing this approach, the entire photoanode thickness can be covered with polymer very 
efficiently.27, 198 Compared with liquid electrolyte additives, the effect of chemical groups 
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of the polymer electrolytes is not as well studied, although recent work has provided some 
insight into electron transfer kinetics and possible reasons for cell efficiency improvements 
when comparing polymers and liquid additives.199-202 Our previous work on polymer 
electrolytes deposited via iCVD has shown that these electrolytes can reduce charge 
recombination loss at the TiO2-electrolyte interface in DSSCs and negatively shift the TiO2 
conduction band to improve the open circuit voltage of DSSCs.27-28, 198 
 
Figure 3-1. Schematic of the iCVD deposition process. Monomer (orange) and initiator 
(green) are introduced as vapors into the reaction chamber through three entry ports. The 
heated filaments are used to activate the initiator into free radicals. Monomer and activated 
initiator are absorbed onto the cooled substrate and surface polymerization occurs. 
Here, iCVD is utilized for the synthesis and integration of PVIZ in DSSCs to 
investigate the impact of PVIZ on DSSC performance. PVIZ is potentially a more viable 
polymer electrolyte for use in DSSCs than poly(4-vinylpydridine) used in our previous 
work.28 The work showed that a polymer electrolyte with more basic character yields 
higher DSSC short circuit current as a result of strong acid-base interactions with the TiO2 
electrode that creates a blocking layer and reduces electron recombination at the interface. 
Furthermore, the work showed that a polymer which binds strongly to metal ions such as 
57 
 
 
Li+ (counterion of iodide in DSSCs) is able to improve DSSC open circuit voltage by 
reducing the surface Li+ concentration on TiO2 and shifting the TiO2 conduction band to a 
more negative potential. The hypothesis here is that a polymer electrolyte that is strong in 
both characteristics, such as PVIZ, would be able to enhance both photocurrent and 
photovoltage, and lead to more enhanced DSSCs. Reports on the use of polyionic liquids 
in DSSCs have shown that imidazolium-based polyionic liquids consistently outperform 
pyridinium-based ones.203 In direct methanol fuel cells, PVIZ has been applied as a 
copolymer for proton conduction,204 and PVIZ has been used in the form of a hydrogel to 
act as a mercury ion chelating agent for fixing the metal cation.205 It is therefore 
conceivable that PVIZ would favor ion conduction of the iodide-triiodide redox couple. In 
this work, PVIZ is conformally coated onto the high surface area, mesoporous TiO2 
photoanode. To understand more carefully the role of the polymer at the photoanode-
electrolyte interface, only a thin conformal coating wrapping the TiO2 nanoparticles is 
applied while the remaining bulk of the electrolyte is acetonitrile. To ensure conformal 
coating within highly porous networks, it is important to control the balance between 
transport and reaction dynamics. Ideally, iCVD must be performed under reaction-limited 
conditions where mass transport by Knudsen and surface diffusion is rapid.198 The key 
iCVD parameter that affects such dynamics is the fractional saturation ratio of the 
monomer, defined as the Z ratio of monomer partial pressure in the gas phase to its 
saturation pressure at the temperature of the substrate surface.165-166 This study therefore 
first aims to study the kinetic behavior of the iCVD synthesis of PVIZ. The second part of 
this study aims to elucidate the DSSC behavior with PVIZ at the electrode interface. 
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3.2. Materials and Methods 
3.2.1. iCVD of Poly(1-Vinylimidazole) 
1-Vinylimidazole monomer (VIZ; >99% Sigma Aldrich) and di-tert-butyl-peroxide 
initiator (TBPO; 98% Sigma Aldrich) were used as purchased without further purification. 
Figure 3-2 shows the reaction of VIZ with TBPO to form PVIZ through free-radical 
addition polymerization. VIZ was heated to 55 C to ensure sufficient vapor flowrate and 
TBPO was kept at 20 C. The flowrates of the monomer and initiator into the reactor were 
held constant at 0.5 and 0.1 sccm, respectively. Chromalloy-O (Goodfellow) was used as 
the filament material and a Sorensen DLM 60-10DC power supply was used to resistively 
heat the filament wires to 280 C by passing 1.25 A current and 20.7 V voltage. The 
deposition substrate was placed on a cooling stage below the array of filament wires and 
cooled by backside contact with a thermal fluid flowing through a Thermo Scientific RTE-
7 chiller. 
 
Figure 3-2. Free radical addition polymerization reaction of PVIZ. 
To study the effect of processing conditions on deposition kinetics, two series of 
iCVD reactions were performed. In the first series, the substrate temperature was held 
constant at 18 C, while the pressure in the reactor was varied from 0.15 to 0.25 Torr in 
steps of 0.05 Torr. In the second series, the reactor pressure was held constant at 0.25 Torr, 
while the substrate temperature to was set to 17, 18.5, 28, 35, and 41C. The fractional 
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monomer saturation ratio, i.e. the ratio of monomer partial pressure in the reactor over the 
saturation pressure at the substrate’s surface (𝑍 = 𝑃m/𝑃m
sat), is well correlated with the rate 
of the deposition, because it is a good indicator of the surface availability or concentration 
of the monomer (e.g. when Z = 1, monomer is fully saturating the surface and at its 
condensation point). The partial pressure of the monomer in the reactor was controlled via 
reactor pressure as the mole fraction of monomer in the gas phase was constant at 0.83. 
Saturation pressure at the surface of the substrate was controlled by the substrate 
temperature and predicted using the Clausius-Clapeyron equation based on known data 
points on the vapor pressure of VIZ. 
3.2.2. Polymer Characterization 
FTIR spectroscopy was performed on a Thermo Nicolet 6700 spectrometer in 
normal transmission mode. Before all scans, the chamber was purged for at least 2 minutes 
with nitrogen gas to reduce carbon dioxide and water vapor in the chamber. A background 
spectrum of bare silicon was taken from a wavenumber range of 400–4000 cm−1 with 128 
scans. All scans were performed using a DTGS detector. Once the background sample was 
taken and removed, the iCVD PVIZ sample deposited on a silicon substrate was placed in 
the spectrometer, purged again with nitrogen gas for at least 2 minutes, and scanned 128 
times against the bare silicon background. The spectra were baseline corrected and then 
compared with literature data to identify the characteristic peaks for PVIZ. FTIR was also 
carried out with the same instrument and acquisition parameters on the VIZ monomer and 
a commercially available PVIZ polymer (Polymer Source). VIZ liquid was cast directly 
onto a silicon substrate while the commercial PVIZ was dissolved in ethanol, sonicated for 
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30 min, cast from solution onto a silicon substrate, and subsequently dried for 30 min in a 
vacuum oven. 
XPS was performed using a Physical Electronics VersaProbe 5000 with a scanning 
monochromatic source from an Al anode and with dual beam charge neutralization. High 
resolution XPS spectra of C1s, O1s, and N1s were acquired at 25 W with a 100 µm spot 
size using an energy step size of 0.05 eV, a pass energy of 23.50, and a dwell time of 50 
ms. The nitrogen signal was averaged over 768 scans while the carbon and oxygen signals 
consisted of 192 scans each.  
GPC was carried out on a Shimadzu LC-20AD HPLC with two Agilent PLgel 
MIXED-B columns in series and a Shimadzu RID-20A refractive index detector to 
determine a representative molecular weight of iCVD PVIZ (from the pressure series run 
at 0.25 Torr). N,N-Dimethylacetamide (DMAc; >99.9% Sigma Aldrich) with 0.05 M LiCl, 
as the elution medium, flowed at a rate of 1 ml/min through the columns maintained at 55 
°C. The instrument was calibrated with 10 different PMMA molecular weight standards. 
Both iCVD and commercial PVIZ, made to a DMAc solution of 2 mg/ml, were analyzed. 
The thickness of each PVIZ film was estimated using an M-2000U variable angle 
spectroscopic ellipsometer (VASE) from J.A. Woollam with scans at angles of 60, 65, 70, 
75, and 80 degrees. Raw amplitude and phase change data were fitted to an optical film 
model created in the WVASE32 software that consisted of a bare silicon substrate, a 6 nm 
native oxide layer, and a Cauchy model layer to represent the PVIZ polymer film. By 
minimizing the mean squared error, estimates of film thickness and optical constants were 
calculated using the converged model. The calculated film thickness was then divided by 
the total reaction time to obtain an average deposition rate for each iCVD run. 
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3.2.3. DSSC Fabrication 
Fluorine doped tin oxide glass (FTO; Hartford Glass, TEC7) was cleaned via 
sonication at 40 C for 15 min each in dilute soap solution, 50:50 acetone-ethanol mixture, 
and isopropanol. Next, TiO2 paste was prepared from P25 TiO2 nanoparticles (Evonik) as 
previously described.28, 206 Briefly, the TiO2 paste was doctor-bladed onto the cleaned and 
dried FTO glass. The prepared substrate was heated step-wise from 50 to 500 C in 10 C 
increments. The sample was held at each 10 C step for 2 min and finally at 500 C for 30 
min. The hotplate was then set to 80 C, allowing the substrate to cool. Once the 
photoanode cooled to 80 C, it was immersed in a 3x10-4 M solution of N719 dye 
(Solaronix) in pure ethanol for at least 24 h. The photoanode was then rinsed with ethanol, 
dried, and then immediately placed in the iCVD reactor. Since PVIZ was soluble in 
acetonitrile, the PVIZ needed to be crosslinked during iCVD synthesis to ensure material 
stability. Ethylene glycol diacrylate (EGDA) was used as the polymer crosslinker. The 
flowrates of TBPO, VIZ, and EGDA were maintained at 1.0, 1.5, and 1.1 sccm, 
respectively. The reactor pressure was 0.25 Torr and the stage temperature was 29 C. This 
resulted in a Z value of 0.11 for the VIZ monomer. This Z value was selected after several 
preliminary runs were made at different Z’s that indicated these conditions resulted in a 
reaction-limited regime for good conformal coating of the mesoporous TiO2 photoanode. 
The reaction was allowed to proceed for 1 h, which was deemed a sufficient run time to 
coat the inner pore surfaces of the photoanode. After the reaction was complete, the 
polymer electrolyte photoanode was soaked for 6 h at room temperature in acetonitrile 
containing 0.05 M lithium iodide (Aldrich 99.9%) and 0.5 M iodine (Aldrich 99.9%) to 
incorporate the redox couple in the PVIZ and fill the remaining space with electrolyte. For 
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comparison, an uncoated photoanode was used with the same acetonitrile liquid 
electrolyte. A platinized cathode was prepared by cleaning another FTO glass as described 
above, and then placing 50 ml of 5 mM chloroplatinic acid hydrate (Aldrich, 99.9%) in 2-
propanol (Aldrich, 99%) and annealing it at 500 C for 40 min. The electrolyte-filled 
photoanode was contacted with the platinized cathode and held together with fastening 
clips. A tape was used as a spacer support between the two electrodes to prevent electrical 
shorts. 
3.2.4. DSSC Evaluation 
Current-voltage characteristics of the DSSCs were measured using a Gamry 
Reference 600 potentiostat under simulated solar illumination. The light source was a 
300 W Xe lamp calibrated to the AM 1.5 spectrum at 100 mW/cm2 intensity using neutral 
density filters. Linear sweep voltammetry was initiated at open circuit followed by an 
applied bias voltage up to 700 mV at a scan rate of 25 mV/s and a step size of 2 mV. An 
equilibration time of 5 s was given before any measurements were taken. 
3.3. Results and Discussion 
3.3.1. PVIZ Structure and Composition 
The FTIR spectra of VIZ monomer, iCVD PVIZ polymer, and commercial PVIZ 
are shown in Figure 3-3. Peak positions and assignments are listed in Table 3-1. The 
spectral peaks for all PVIZ polymers from the various iCVD runs in the two deposition 
series were identical and compare well to literature values reported by Talu et al.207 and 
Lippert et al.208 for PVIZ synthesized in the liquid phase via free radical polymerization. 
In addition, the spectra of the iCVD and commercial PVIZ are nearly identical, further 
lending support that PVIZ produced via iCVD resembles stoichiometric PVIZ polymer. 
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The peaks at 1497, 1284, 1083, 744 and 663 cm-1 are all attributed to various vibrational 
modes of the imidazole ring, see Table 3-1. The peak at 3108 cm-1, attributed to the C–H 
stretch on the imidazole ring, is stronger in relative magnitude for PVIZ than VIZ but is 
present in both. The presence of these peaks in both VIZ and PVIZ vibrational spectra 
supports the assertion that the imidazole ring is unbroken in the polymerization and was 
not degraded even in the presence of the heated filament. This highlights one of the key 
strengths of the iCVD approach in that the technique is gentle enough to preserve the 
chemical functionality of the monomer as has been demonstrated for a variety of different 
polymer systems.168 The main difference between the VIZ and PVIZ spectra is the 
disappearance of the sharp 1647 cm-1 peak in the latter, which is attributed to the loss of 
the C=C vinyl bond. This confirms that the monomer has polymerized cleanly through the 
free radical addition of the vinyl bond. In addition, both iCVD and commercial PVIZ have 
peaks in the range of 2935–2965 cm-1 representing CH and CH2 stretches on the polymer 
backbone that are absent in the VIZ spectrum.208 The presence of backbone chain stretching 
in the PVIZ polymer again supports the formation of long chain polymer. More 
quantitatively, GPC was performed to determine polymer molecular weight and 
polydispersity index (PDI), which gave the iCVD PVIZ a representative Mn and PDI of 
5,860 g/mol and 1.62, respectively, while that for the commercial PVIZ had values of 
12,950 g/mol and 1.63 (see Figure A-1 in Appendix A). 
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Figure 3-3. FTIR spectra of the VIZ monomer (top), iCVD PVIZ polymer (middle), and 
commercial PVIZ (bottom). 
Table 3-1. FTIR major peak positions and assignments for VIZ and PVIZ. 
 
XPS was used to quantitatively determine the chemical composition of PVIZ. From 
Figure 3-4a, the high resolution N1s spectrum can be fitted to two separate peaks, one at 
398.6 eV corresponding to the amine group (–N<) and one at 400.5 eV attributed to the 
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imine group (–N=).209-210 From the ratio of the intensities of the two peaks, the iCVD PVIZ 
yields a value of 0.93:1, amine to imine, which is very close to the ideal ratio of 1:1 based 
on the chemical stoichiometry of PVIZ (see Table 3-2). From Figure 3-4b, the high 
resolution C1s spectrum can be fitted to three separate peaks centered at 284.5, 285.3, and 
286.3 eV, corresponding to C–H, C–N, and N=C–N carbon bonding environments, 
respectively.209 As seen in Table 3-2, based on the relative intensities of the fitted peaks, 
the iCVD PVIZ ratio of 5.0:2.9:1.2 is close to the theoretical ratio of 5:3:1 for 
stoichiometric PVIZ. XPS was also done on commercial PVIZ, which had nearly identical 
peak locations and relative intensities to iCVD PVIZ (see Figure A-2 and Table A-1 in 
Appendix A). The XPS data provides quantitative evidence, in addition to the qualitative 
FTIR data, that PVIZ has been synthesized cleanly by iCVD and is spectroscopically 
identical to prior literature studies on PVIZ synthesized in the liquid phase.207-209 XPS did 
detect a very small amount of oxygen species on the surfaces of both iCVD and commercial 
PVIZ (see Figure A-3 and Table A-2 in Appendix A), which can be attributed to minute 
quantities of surface adsorbed contaminants. 
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Figure 3-4. High resolution XPS spectra of (a) N1s and (b) C1s, and the corresponding 
fitted peaks of various bonding environments in each elemental region for iCVD PVIZ. 
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Table 3-2. Position and relative intensity of fitted N1s and C1s XPS peaks of iCVD PVIZ. 
Theoretical values are in parentheses.  
 
3.3.2. Reaction Kinetics 
To study the effect of various conditions on the deposition rate of PVIZ, two series 
of films were deposited on silicon substrates. The first series held substrate temperature 
constant and varied reactor pressure while the second series held pressure constant and 
varied substrate temperature. Variable angle spectroscopic ellipsometry (VASE) was used 
to estimate film thickness through a Cauchy model of the polymer. Deposition rate was 
then derived by dividing the film thickness with the deposition run time. With the pressure 
series, an increase in pressure resulted in an increase in deposition rate. With the substrate 
temperature series, a decrease in temperature yielded to an increase in deposition rate. This 
unusual phenomena can be explained by the iCVD process being adsorption-limited rather 
than intrinsic reaction-limited,165-166 so a cooler substrate promotes greater monomer 
adsorption and leads to faster polymer film deposition.  
Figure 3-5 shows the trend of deposition rate for all the iCVD runs from the two 
series plotted as a function of Z, the fractional saturation ratio of the monomer, defined as 
the ratio of the monomer partial pressure in the gas phase to its saturation pressure at the 
substrate temperature. For both deposition series, the data collapses into a single linear 
trend (R2 = 0.95) within the range of iCVD conditions explored and agrees with previous 
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studies on iCVD kinetics for other polymer systems.165-166 The deposition rate is equivalent 
to the polymer growth rate, while the Z ratio represents the monomer availability or 
monomer concentration at the surface. This linear behavior suggests that polymerization 
kinetics is first order with respect to monomer concentration, which is consistent with a 
thermally initiated free radical polymerization mechanism for vinyl polymer systems.211 
 
Figure 3-5. Deposition rate of iCVD PVIZ as a function of the fractional monomer 
saturation, Z, which is a measure of the surface monomer concentration. 
3.3.3. DSSC Performance 
PVIZ was found to be soluble in standard DSSC liquid electrolytes. To be used in 
a DSSC, which utilizes acetonitrile as the bulk electrolyte solvent, PVIZ must be 
chemically crosslinked to prevent dissolution during DSSC fabrication as the redox couple 
in acetonitrile was added after layering the PVIZ within the photoanode. As previous work 
showed the successful use of EGDA to crosslink other vinyl polymers by iCVD,212-213 
EGDA was used here to crosslink PVIZ. A proper ratio of the Z values of the crosslinker 
and monomer leads to an insoluble polymer film; i.e., there needs to be a sufficient amount 
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of crosslinker during the polymer growth process to produce enough crosslinks. For PVIZ, 
we found that a ratio of Zxlinker/Zmonomer of 4 resulted in an insoluble film without 
incorporating too much crosslinker that might influence the PVIZ benefits that we are 
aiming for in the DSSCs. Figure 3-6 shows the resulting current density-voltage (J-V) 
characteristics of PVIZ and liquid electrolyte DSSCs under 1 sun filtered to 1.5 AM. The 
short circuit current density (Jsc) with and without PVIZ is 5 and 3.97 mA/cm
2, 
respectively, while the open circuit voltage (Voc) with and without PVIZ is 380 and 365 
mV, respectively. The fill factor with and without PVIZ cell is 42 and 43%, respectively. 
These correspond to cell efficiencies of 0.80 and 0.63% with and without PVIZ. The slight 
decrease in the fill factor can be attributed to a slightly greater charge transfer resistance 
caused by the thin polymer coating on the TiO2 photoanode. 
 
Figure 3-6. Photocurrent-voltage (J-V) behavior of PVIZ and liquid electrolyte DSSCs. 
 The increase in Jsc and Voc with PVIZ integrated into the DSSC photoanode can be 
attributed to the effect of the polymer and specifically its chemical functionality on 
interfacial processes at the electrode-electrolyte interface. Figure 3-6 clearly shows that 
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the polymer coating improves the short circuit current. Previous work on liquid electrolyte 
DSSCs revealed that additives, especially nitrogen containing molecules, can play a key 
role in enhancing DSSC performance due to physical and chemical properties of the 
nitrogen-containing compounds such as the partial charge, dipole moment and ionization 
energy.214 Polymers and additives with a more basic nature can form a ‘blocking layer’ on 
the TiO2 surface due to Lewis acid-base interactions. Although a strong base is not a 
necessary requirement for a DSSC polymer-electrolyte, our previous work has shown that 
basic polymer electrolytes can dramatically reduce the electron recombination rate constant 
while an acidic one does not.28 Furthermore, previous experimental reports with 
introducing 4-tert-butylpyridine (TBP) as a electrolyte additive has shown a reduction in 
the recombination rate constant by 1–2 orders of magnitude.202, 215 This is believed to 
enhance the short circuit current by blocking the invasion of triiodide onto the TiO2 surface 
as basic compounds have an affinity to adsorb onto the acidic TiO2 surface.
216 Furthermore, 
our previous work28 indicated that poly(4-vinylpyridine) (P4VP) can act as blocking layer 
due to the Lewis acid-base interaction of the nitrogen-containing group in the polymer with 
the TiO2 photoanode. This blocking layer reduces the electron recombination rate and 
increases short circuit current density (Jsc). The imidazole group is 60 times more basic 
than the pyridine group based on their respective pKb values. This suggests that PVIZ 
should form a stronger blocking layer compared to P4VP, which helps to reduce back 
electron transfer between the TiO2 surface and triiodide in the electrolyte. We believe this 
causes the higher current density in our PVIZ integrated DSSCs. 
In DSSCs, the open circuit voltage is directly related to the fermi energy of the TiO2 
surface, which is in turn influenced by the surface charge of the TiO2. Previous work from 
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multiple groups showed that the coordination and formation of complexes between lithium 
iodide salt and DSSC additives hinder Li+ from adsorbing onto the TiO2 photoanode.
217-218 
This alters the TiO2 surface charge and shifts the fermi energy level. Specifically, as 
illustrated by the cation-promoted electron injection model, the conduction band of TiO2 
shifts positively with increasing surface Li+ concentrations,217 and as the conduction band 
shifts positively, the Voc in the cell is reduced. Our previous work on polymer electrolytes 
suggested that the polymer electrolytes can form complexes with lithium, leading to a 
negative shift in the TiO2 conduction band and an increase in the open circuit voltage.
27-28, 
198 It has been shown that PVIZ can coordinate strongly with metal ions, and therefore it 
has the potential to bind well to lithium ions present in the DSSC electrolyte.219-220 This is 
a possible explanation for why the open circuit voltage is higher in the PVIZ integrated 
DSSC. It is also possible that nitrogen from the PVIZ causes a negative shift in the 
conduction band of TiO2 itself, increasing Voc. This was observed for heterocyclic nitrogen-
containing additives where, as the partial charge of nitrogen was decreased on the 
heterocyclic ring, Voc increased.
214 Most likely, a combination of both factors contribute to 
the increase in the open circuit voltage. 
It should be noted that the cell efficiencies here, even for the liquid electrolyte 
DSSC, are lower than those for state-of-the-art DSSCs, which indicate our systems are not 
fully optimized. For this work, we have focused on demonstrating an initial proof-of-
concept towards the integration of PVIZ into DSSCs and to investigate any improvements 
in performance the PVIZ might potentially offer without considering other device 
enhancements, such as adding an anode blocking layer, a light scattering layer, and 
cleaning the TiO2 surface with a TiCl4 treatment. This initial DSSC study, which showed 
72 
 
 
increases in both Jsc and Voc, is significant as previous studies on polymer electrolytes and 
other additives typically only offer enhancements in either Jsc or Voc, but not in both. Our 
future DSSC work will focus on optimizing device architecture and components, such as 
optimizing the TiO2 layer thickness, optimizing the amount of PVIZ incorporated, adding 
a compact TiO2 layer between the FTO and the mesoporous TiO2 photoanode to reduce 
back electron transfer that occurs on the FTO,221 adding a scattering layer of TiO2 to 
increase light harvesting,222 and adding a TiCl4 post treatment on the TiO2 layer, which is 
known to improve photocurrent.223 Here, we chose not to include these enhancements but 
to focus on isolating the effects of only the polymer on J-V behavior. 
3.4. Conclusions 
 PVIZ was deposited via iCVD. Spectroscopy confirmed the identity of the polymer, 
which compared well to previous characterization studies of PVIZ deposited via liquid 
phase free radical polymerization. Kinetic studies found that the polymer deposition rate is 
first order with respect to the surface monomer concentration. Crosslinking of PVIZ was 
achieved by iCVD and the crosslinked polymer was integrated within a standard 
photoanode of a DSSC as a proof-of-concept device. The PVIZ DSSC using a conformal 
coating of the polymer achieved 0.80% efficiency, which was higher than the 0.63% 
efficiency without the polymer coating. The open circuit voltage and the short circuit 
current of the DSSC with the polymer electrolyte are higher than those of liquid electrolyte 
DSSCs. The increase in the voltage was attributed to a negative shift in the conduction 
band edge of the TiO2, while the increase in the current was ascribed to the polymer 
forming a blocking layer on the TiO2 surface, which helped reduce interfacial electron 
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recombination with triiodide in the electrolyte. This behavior was interesting and motives 
the investigation of how other polymer chemistries impact J-V behavior. 
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Chapter 4. Effect of Polymer Chemistry on Polymer-Electrolyte Dye Sensitized 
Solar Cell Performance: A Theoretical and Experimental Investigationiii 
This seminal work builds on the experimental iCVD work to deposit (Chapter 2) 
and integrate (Chapter 3) polymers within the mesoporous TiO2 photoanode of DSSCs by 
developing and applying first-principles mathematical modeling to better understand the 
influence of polymer chemistry on DSSC performance. The combination of modeling and 
experiments leads to new insight into (i) how polymer chemistry influences interfacial and 
bulk DSSC processes, and (ii) how a combined experimental and theoretical approach can 
aid in future DSSC optimization.  
Here, the effects of polymer chemistry on interfacial properties and overall 
performance in polymer-electrolyte DSSCs are investigated theoretically and 
experimentally. Specifically, polymer electrolytes based on PHEMA, poly(glycidyl 
methacrylate) (PGMA), and P4VP are considered. These polymers are grown directly 
within the mesoporous TiO2 photoanode via a single step polymerization and coating 
technique called iCVD to maximize pore filling. The experimental study coupled with a 1-
D first-principles macroscopic DSSC mathematical model provides insight into the cell 
interfacial processes and overall performance. Parameter estimation using the macroscopic 
model indicates that the pendant groups on the polymers strongly affect the conduction 
band position of TiO2, the back electron transfer at the photoanode-electrolyte interface, 
and the exchange current density at the platinum cathode. The estimated difference 
between the TiO2 conduction band edge and the redox potential of the electrolyte are 0.87, 
                                                 
iii Adapted from Yuriy Y. Smolin, Siamak Nejati, Mona Bavarian, Daeyeon Lee, Kenneth K. S. Lau, Masoud Soroush. Journal of 
Power Sources. 2015, 274, 156-164. Effects of Polymer Chemistry on Polymer-Electrolyte Dye Sensitized Solar Cell 
Performance: A Theoretical and Experimental Investigation. 
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0.99 and 1.06 eV for P4VP, PGMA, and PHEMA, respectively. Estimated recombination 
rate constants for P4VP and PGMA are respectively 54% and 19% lower than that of 
PHEMA. This study indicates that by varying polymer electrolyte chemistry, DSSC 
characteristics including open-circuit voltage, short-circuit current density, and fill factor 
can be tuned.  
4.1. Introduction 
Since the introduction of the DSSC by O’Regan and Grätzel,12 DSSCs have 
received considerable scientific attention due to their low manufacturing cost and 
respectable efficiency, which is currently at ~13%.56 Conventional liquid-electrolyte 
DSSCs consist of two major parts: (1) the nanostructured TiO2 photoanode where dye 
absorption, light harvesting, and electron transport occurs, and (2) the liquid electrolyte 
where hole transport to the cathode occurs via the redox couple. These conventional DSSCs 
suffer from solvent evaporation and performance degradation due mainly to the liquid 
electrolyte. For these reasons, efforts have been made to replace liquid electrolytes with 
solid-state alternatives, including p-type semiconductors,30 hole conductors,31-33 and 
polymeric materials incorporating the triodide/iodide redox couple.34 Polymer-electrolyte 
DSSCs represent a promising alternative to conventional liquid-electrolyte DSSCs because 
they do not leak, can be flexible, and have higher open-circuit voltage.37 Another benefit 
of using polymers instead of liquid electrolytes is the possibility of increasing cell 
efficiency by tailoring the material's electronic properties to enhance hole mobility and 
reduce charge recombination loss.  
 Although liquid electrolyte replacements are being intensely studied, there have 
been relatively few studies that combine experimental and computational/theoretical 
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approaches to better understand DSSC processes and optimize DSSC performance. In fact, 
although theoretical and computational approaches have been used to elucidate different 
aspects of DSSCs, the number of these studies is few compared to the number of 
experimental studies on DSSCs.54-55 According to the Web of Science,224 over 11,000 
articles can be found with the keyword ‘dye sensitized solar cell’, over 860 with the 
keyword ‘dye sensitized solar cell model’, and only 16 with the keyword ‘dye sensitized 
solar cell mathematical model’. Nevertheless, accurate first-principles mathematical 
models can provide valuable insight and guidance to facilitate future advances in solar 
technology. In particular, when these models are coupled with experimental investigations 
it allows for systematic optimization of DSSC design and operation. For instance, Mathew 
et al.56 used atomistic modeling to engineer a porphyrin dye that worked in harmony with 
a cobalt (II/III) redox shuttle and led to a record cell efficiency of 13%. First-principles 
macroscopic models, which are based on fundamental continuity and transport equations, 
can describe overall DSSC behavior and can work in tandem with experiments.53  
 Ferber et al.53 were the first to propose a comprehensive steady-state first-principles 
DSSC macroscopic model that considered a pseudo‐homogeneous effective medium 
containing TiO2, photosensitive dye, and the redox electrolyte. Oda et al.
71 built upon 
Ferber et al.’s work by developing a two-phase steady-state model that included a bulk 
liquid-electrolyte phase in addition to the pseudo-homogeneous phase. They used the 
model to study the effect of replacing the liquid electrolyte with an ionic liquid by varying 
the diffusion coefficient of I3
− in both phases and the thickness of the bulk electrolyte phase. 
This model allowed them to isolate the electrolyte layer and study the effects of varying 
the hole conducting medium. However, they did not investigate how other hole conducting 
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materials (such as polymer electrolytes) alter cell behavior. In our previous work,84 we 
developed a comprehensive transient model of a liquid-electrolyte DSSC that utilized a 
pseudo-homogeneous medium representing a TiO2, dye, and electrolyte mixture. The 
model was validated and key parameters of the model were estimated from experimental 
current-density-voltage (𝐽-𝑉) measurements. Furthermore, the transient model provided 
insight into the internal processes of the DSSC under realistic operating conditions. Finally, 
Wang et al.85 recently developed a first-principles DSSC model to help understand charge 
transport via the redox couple in the liquid electrolyte, and theoretically calculated a critical 
thickness of the TiO2 electrode for optimal performance. To the best of our knowledge, 
this is the first work that uses combined first-principles macroscopic modeling and 
experimental study to better understand polymer-electrolyte DSSCs.  
 In this work, we use the first-principles macroscopic DSSC model developed in our 
previous work84 to study new electrolyte chemistries and to investigate the effects of 
polymer-electrolyte chemistry on the performance of polymer-electrolyte DSSCs. By 
combining first-principles macroscopic modeling with experimental investigation, we gain 
a better understanding of the interfacial processes occurring inside DSSCs. The model 
allows us to predict changes in the photochemical processes inside DSSCs with polymer 
electrolytes based on PHEMA, PGMA, and P4VP, whose chemical structures are shown 
in Figure 4-1. Previous work on poly(2-vinylpyridine)- and PHEMA-based DSSCs has 
shown improved open-circuit voltage.37, 202 Also, PGMA-based DSSCs have enhanced 
stability.225 Therefore, the three chosen polymer electrolyte candidates are expected to be 
promising for DSSCs. However, currently there is little understanding of how these 
polymer electrolytes affect internal and interfacial DSSC processes. 
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Figure 4-1. Chemical structure of the three polymer electrolytes used. 
4.2. Experimental Methods 
A major obstacle to utilizing solid polymer electrolytes or hole conductor materials 
in DSSCs is the difficulty in achieving good pore filling of these solids into the mesoporous 
TiO2 layer.
155 Current methods for incorporating these solids use solution processing such 
as spin coating or drop casting to apply the solids from solution. However, the mesoscale 
pore diameter, high aspect ratio, and tortuous pore structure of the photoanode along with 
liquid surface tension, solution viscosity, poor wettability, and solute steric hindrance make 
pore filling extremely limited. Corrective treatments such as vacuum pulling or thermal 
annealing to improve pore filling have not been particularly effective.226 Pore filling is 
typically much less than 100% of the total pore volume, and is limited to thin TiO2 layers 
of ~2 μm or less.30, 45, 155  
  It is widely recognized by many leading DSSC researchers, including Grätzel, that 
incomplete pore filling is one of the main factors limiting solid-state DSSC efficiency.44 
Incomplete pore filling leads to poor electrical contact and lowers efficiency.34 Further, 
solution techniques introduce solvents into the DSSC that are difficult to completely 
remove, and whose presence further deteriorates cell performance.37 Using transient 
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absorption techniques and model equations to calculate open-circuit voltage, 𝑉oc, and short-
circuit current density, 𝐽sc , significant efficiency enhancement can be achieved if pore 
filling of hole conducting materials (e.g. Spiro-OMeTAD) were able to reach 100%.227 
This rise in efficiency is due to higher hole injection efficiency, slower recombination, and 
a higher ambipolar diffusion coefficient resulting from an improved percolation network. 
In addition, the ability to achieve complete pore filling in thicker photoanodes comparable 
to that of liquid-electrolyte-based cells will preserve the amount of dye available for light 
absorption, therefore maintaining high current density. 
 To overcome the challenges of pore filling with polymer electrolytes within high 
aspect ratio porous nanostructures, we directly synthesized and grew polymer electrolytes 
inside the pore volume of the photoanode using the solvent-free technique of iCVD.157-158 
iCVD allows for uniform conformal coatings in complex geometries, and is generally a 
monomer adsorption-limited process.179, 181, 228-231 In iCVD, the reagents for 
polymerization—monomer and initiator—are heated to a vapor that can easily penetrate 
into the mesoscale voids and polymerize at the surface, as shown in Figure 4-2. iCVD 
relies on (1) vapor delivery of monomer and initiator into a continuous flow reactor, (2) 
thermal activation of the initiator by an array of heated filament wires (~250-350 °C), (3) 
adsorption of monomer and activated initiator onto a cooled surface (~0-50 °C), and (4) 
surface polymerization to grow the polymer. Because of localized regions of activation 
(near the heated wire) and deposition (at the cooled substrate), iCVD allows bottom-up 
synthesis directly on the surface for conformal coating and uniform growth on delicate 
substrates. The substrate is at near room temperature during deposition and there is no 
annealing step after deposition so the dye in the photoanode is preserved from any 
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degradation. Moreover, because the reagents are vapors, there are lower mass transport 
barriers, which makes iCVD an exceptional technique for allowing polymerization in the 
pores of the mesoporous structure of TiO2. The pore filling of the polymer electrolyte into 
5-10 μm photoanodes using iCVD is typically 90-100%, as estimated by 
thermogravimetric analysis which is significantly higher than that achievable with liquid 
techniques like spin coating or drop casting of polymer solutions.37 In our previous work, 
cross-sectional SEM images have shown that iCVD allows excellent pore filling for 
photoanode layer thicknesses up to 12 μm.37 Furthermore, this process encourages intimate 
contact between the TiO2 and polymer electrolyte, therefore providing an excellent 
platform to probe how polymer chemistry can affect DSSC behavior.  
 
Figure 4-2. Schematic of the iCVD and pore filling process. (1) Monomer (M) and initiator 
(I) are introduced as vapors into the reaction chamber. (2) A heated filament is used to 
activate the initiator into free radicals (R ∙) . (3) Monomer and activated initiator are 
adsorbed onto the cooled substrate. (4) Polymerization occurs throughout the mesoporous 
TiO2 photoanode. The green outlines represent the polymer coating on the gray TiO2 
particles.  
 Free-radical polymerization of PHEMA, PGMA and P4VP was conducted using 
their respective monomers and di-tert-butyl peroxide (TBPO) as the initiator. The polymers 
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were chosen because they have distinct chemical side groups (Figure 4-1) that can affect 
DSSC performance, and have been successfully utilized in DSSCs.37, 202, 225 The reactor 
temperature, pressure, and flow rates are tightly controlled to operate in a reaction-limited 
region which allows effective TiO2 pore filling. From previous work by Nejati et al.,
37 this 
reaction-limited region is where the ratio of the partial pressure of the monomer to its 
saturation pressure at the substrate temperature (𝑃m/𝑃m
sat) is 0.03-0.09. In this region, the 
diffusion time constant is smaller than the reaction time constant. Physically, the pressure 
ratio can be viewed as the surface availability of the monomer. If the ratio is too high, 
surface availability is high and polymerization will occur mostly on top of the TiO2 layer 
instead of within the mesovoids, leading to premature pore blockage which is detrimental 
for pore filling. If the ratio is too low, there is insufficient delivery of reactants to the 
surface, which again is not conducive for pore filling. A more thorough discussion on 
iCVD parameters for successful incorporation of PHEMA into DSSCs is available 
elsewhere,37 and the iCVD synthesis parameters for PGMA and P4VP have been well 
studied before.182, 232-233 
 The fabrication of the photoanode involves first making a TiO2 paste using existing 
techniques.206 The paste consisted of P25 nanoparticles (Envonik) which were spin-coated 
onto FTO glass (Hartford Glass, 15 Ω/□) and sintered at 500 °C for 30 min. Following this, 
the photoanode was immersed in a 3×10-4 M solution of N3 dye (Solaronix) in pure ethanol 
for 24 h. iCVD was then applied to integrate the respective polymer electrolytes into the 
photoanode. To incorporate the redox couple into the polymers, the photoanode was 
immersed for 6 h in a redox solution consisting of 0.5 M lithium iodide (Aldrich 99.9%) 
and 0.05 M iodine (Aldrich 99%) in a 1:1 vol. ratio of 𝛾-butyrolactone (Aldrich >99%) and 
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propylene carbonate (Aldrich >99%). Finally, a counter electrode was placed on top that 
was separately prepared by spin coating 50 µL of a 5 mM solution consisting of 
chloroplatinic acid hydrate (Aldrich, 99.9%) in 2-propanol (Aldrich, 99%) onto FTO glass 
(Hartford Glass, 15 Ω/□) and annealing at 400 °C for 40 min. The experimental 𝐽-𝑉 data 
was taken using a Gamry Reference 600 potentiostat and a 300 W Xe lamp with a 0.26 cm2 
mask and filtered to 1.5 AM (100 mW cm-2). 
4.3. DSSC Mathematical Model and Model Parameters 
The structure of the mathematical model representing the polymer-electrolyte 
DSSC is based on the mathematical model presented by Bavarian et al.84 for a liquid-
electrolyte DSSC. Its main components are continuity and transport equations that account 
for the generation, consumption and transport of iodide, triiodide, and lithium ions as well 
as electrons through the pseudo-homogeneous medium. Similar to the work of Ferber et 
al.53 and Oda et al.,71 this model does not include trapped states but instead relies on a 
kinetics based approach to model the recombination of electron in the conduction band 
with triiodide in the electrolyte. For completeness, the model equations are given in 
Appendix B. The model is based on the polymer-electrolyte DSSC scheme shown in 
Figure 4-3a that is simplified to a 1-D model representation in Figure 4-3b. For parameter 
estimation, steady state was assumed. Furthermore, as charge transport inside the DSSC 
occurs mainly by diffusion,53, 71, 84-85, 87 the electric field term was neglected. Therefore, the 
effect of the electric field is not accounted for by the model when calculating the 𝐽-𝑉 
behavior. Our previous work84 showed that including the electric field term does not alter 
the 𝐽-𝑉 behavior of the cell because the contribution of the electric field to mass and charge 
transport is relatively small.  
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Figure 4-3. (a) Schematic and (b) model representation of the polymer-electrolyte DSSC. 
 Nominal values of the model parameters are given in Table 4-1. As many of these 
model parameters do not depend on the type of polymer electrolyte used, they were not 
estimated and their nominal values were used. For instance, the light intensity, TiO2 
thickness, sheet resistance, cell area, and the concentrations of iodide and triodide are 
known and were not estimated. Because the three polymer-electrolyte DSSCs utilized the 
Ruthenium 535 (N3) dye, which is the same dye used in our previous liquid-electrolyte 
DSSC studies,84 the same absorption coefficient as in our previous work was used. 
Moreover, the effective electron mass in TiO2 has been found experimentally
234 to be 
5.6𝑚e (where 𝑚e is the intrinsic electron mass). We assumed this value does not depend 
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on the type of electrolyte. The symmetry parameter, which is used in the Butler-Volmer 
equation (see Appendix B), was taken to be the same value reported in literature.53, 71, 84 
Because relative contributions of the electric field term are not significant, the effective 
relative dielectric constant does not affect the 𝐽-𝑉  curve so the nominal value of the 
dielectric constant was used. Furthermore, electron mobility through the polycrystalline 
TiO2 photoanode is relatively independent of the polymer electrolyte, because electron 
transport mainly occurs within the TiO2. Moreover, Baschloo et al.
215 have shown that 
electron transport under open-circuit conditions is only very slightly affected by the 
chemistry of the liquid electrolyte additives, and we believe that the same is true for the 
polymer electrolytes here. 
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Table 4-1. Nominal model parameter values. 
Description Symbol Value Ref. 
Light intensity 𝐼0 1×10
17 cm−2 ∙ s−1 83 
Thickness of the TiO2 𝐿 5 μm this work 
Transparent conductive oxide 
(TCO) film resistance 
𝑅TCO 6 Ω 52 
Cell area 𝐴 1 cm2 52 
Initial concentration of iodide 𝑐I−
0  0.45 M 83 
Initial concentration of triiodide 𝑐I3−
0  0.05 M 83 
Light absorption coefficient 𝛼 5000 cm-1 83 
Effective mass of electron 𝑚e
∗ 5.6 𝑚e 52 
Symmetry parameter 𝛽 0.78 52 
Effective relative dielectric 
constant 
𝜀 50 52 
Electron mobility 𝜇e 0.3 cm
2 ∙ V−1 ∙ s−1 52 
Iodide diffusion coefficient  𝐷I−  8.5×10
-7 cm2 ∙ s−1 
adapted 
from 52 
Triiodide diffusion coefficient  𝐷I3−  8.5×10
-7 cm2 ∙ s−1 
adapted 
from 52 
Shunt resistance  𝑅p 900 Ω this work 
Difference of TiO2 conduction 
band and standard redox energy 
𝐸CB − 𝐸Redox
0  0.93 eV 83 
Electron recombination rate 
constant 
𝑘e 10
4 s−1 52 
Exchange current density at the 
platinized electrode 
𝑗0 0.1 A ∙ cm
−2 52 
 
As for the diffusion coefficients of the redox ions, it has been reported that the 
diffusion coefficient of I3
−  in PHEMA swelled by 1-ethyl-3-methylimidazolium 
thiocyanate (EMImSCN) is approximately one order of magnitude smaller than in 
EMImSCN.235 In view of this, I– and I3
− diffusion-coefficients values that are one order of 
magnitude smaller than those in our previous mathematical model of liquid-electrolyte 
DSSCs were used.84 Moreover, the diffusion coefficients of I– and I3
− used in this study 
(given in Table 4-1) are the same order of magnitude as those reported for iodine-based 
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polymer electrolytes.235 As in previous work,53, 84 the diffusion coefficients of I– and I3
− 
were assumed to be equal.  
Using the macroscopic model, we conducted parametric sensitivity studies. The 
sensitivity of the cell 𝐽-𝑉 behavior to changes in the diffusion coefficients is presented in 
Figure 4-4a. Changes of up to 20% from the nominal diffusion coefficient values of I– and 
I3
− did not appreciably change the 𝐽-𝑉 behavior. The sensitivity of the cell 𝐽-𝑉 behavior to 
changes in the shunt resistance, shown in Figure 4-4b, is not significant either. The 
changes were made around the nominal value of ~900 Ω, which was determined by 
calculating the inverse of the slope of the experimental 𝐽-𝑉 curve at the point representing 
short-circuit conditions. When iCVD is used for polymerization, an overcoat of polymer 
forms over the TiO2 and acts a barrier between the TiO2 photoanode and the platinized 
cathode. However, this barrier is only ~50-100 nm thick and may provide a pathway for 
shunting, explaining the lower shunt resistance for the three polymer-electrolyte DSSCs. 
Because changes to the diffusion coefficients and shunt resistance did not affect the model 
predictions, these parameters were fixed to their nominal values. 
87 
 
 
 
Figure 4-4. (a) 𝐽-𝑉 curves predicted using different equal values of iodide and triiodide 
diffusion coefficients around the nominal value of 𝐷I3−=8.5x10
-6 cm2 s-1. (b) 𝐽-𝑉 curves 
predicted using different values of the shunt resistance around the nominal value of 𝑅p=900 
Ω. 
 Several parameters depend on the polymer type and were thus estimated for each 
polymer electrolyte. Because the polymers are in intimate contact with the TiO2-dye 
photoanode and the platinized cathode, we believe that the polymers have a strong effect 
on interfacial processes occurring within the cell, such as the back electron recombination 
from the TiO2 to the electrolyte. Electrochemical impedance spectroscopy
37 indicated that 
charge recombination at the electrolyte-electrode interface decreases when a polymer 
electrolyte is used instead of a liquid electrolyte. Therefore, the recombination rate 
constant, 𝑘e, was considered to be important and was estimated for each polymer type. 
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Another parameter that should be affected by polymer chemistry is the difference between 
the Fermi energy level of TiO2 and redox potential of the electrolyte (𝐸CB − 𝐸Redox
0 ). 
Previous experimental studies206, 215 have shown that the presence of 4-tert-butylpyridine 
(TBP), as well as other electrolyte additives, can increase the open-circuit voltage, 𝑉oc, by 
shifting the TiO2 conduction band.
236 Although several mechanisms have been proposed to 
describe this trend, a likely mechanism is that the heterocyclic nitrogen compounds shift 
the semiconductor band edge by altering the surface charge of TiO2.
237 Quantum chemical 
calculations76, 238-239 have revealed that this shift is due to the dipole moment of adsorbed 
molecules.238-239 Therefore, the difference between the TiO2 conduction band and the 
standard redox potential,  (𝐸CB − 𝐸Redox
0 ), is expected to be affected by the choice of 
polymer. We also expect the exchange current density at the platinum cathode, 𝑗0, to be 
affected by the polymer chemistry because the polymer directly contacts the platinized 
cathode. It has been shown that the electrolyte medium (for example, switching from 
acetonitrile to propylene carbonate) can strongly affect 𝑗0, and therefore we reason that the 
presence of the polymer electrolyte can alter the exchange current density of such cells.240-
241 We also investigated the sensitivity of the cell J-V curve to changes in (𝐸CB −
𝐸Redox
0 ), 𝑘e, and 𝑗0 around the nominal values of the three parameters. These sensitivity 
analyses indicate that the three parameters affect the cell J-V curve strongly. For brevity, 
only post-estimation sensitivity analyses of these three parameters are shown in this paper.  
 In view of the sensitivity analyses and discussions above, the following three 
parameters were estimated: the difference between the TiO2 conduction band and the 
standard redox potential, (𝐸CB − 𝐸Redox
0 ), the recombination rate constant,  𝑘e , and the 
exchange current density at the platinum cathode, 𝑗0. The nominal values of these three 
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parameters, given in Table 4-1, served as initial guesses to the parameter estimation routine 
described in Appendix B. The parameter estimation problem was solved numerically. 
 Once estimates of the three parameters were calculated for each polymer 
electrolyte, the sensitivity of the cell 𝐽-𝑉 behavior to up to 20% changes in the estimated 
values of the three parameters was investigated. Figure 4-5a shows that as (𝐸CB − 𝐸Redox
0 ) 
increases, 𝑉oc  increases. Figure 4-5b shows that as the recombination rate constant 
increases, 𝐽sc decreases and 𝑉oc marginally decreases. To better illustrate the effect of the 
recombination rate on 𝑉oc and 𝐽sc, the recombination rate was also varied by one order of 
magnitude (see Figure B-1 in Appendix B). The J-V trend seen in Figure B-1 is consistent 
with other modeling work53 when the recombination rate constant was varied in the order 
of 106-107 s-1 and is similar to experimental results.242 Figure 4-5c depicts that as the 
exchange current density increases, the fill factor increases. These results confirm that the 
three parameters were uniquely estimated from cell 𝐽-𝑉 measurements.  
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Figure 4-5. (a) 𝐽-𝑉  curves predicted using different values of the difference of TiO2 
conduction band and standard redox energy around the estimated value of ∆𝐸 = 𝐸CB −
𝐸Redox
0 =0.99 eV. (b) 𝐽-𝑉 curves predicted using different values of the recombination rate 
constant around the estimated value of 𝑘e=7.11x10
5 s-1. (c) 𝐽-𝑉 curves predicted using 
different values of the exchange current density around the estimated value of 𝑗0=5.21×10
-
3 A cm-2. The estimated values are taken from the PGMA-based DSSC (see Table 4-3). 
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4.4. Results and Discussion 
Experimentally, the three different polymers electrolytes in the DSSC each gave 
strikingly different measured 𝐽-𝑉 characteristics yet similar power conversion efficiencies 
as shown in Figure 4-6 and Table 4-2. The P4VP-based DSSC has the highest short-circuit 
current density (𝐽sc) of 8.84 mA cm
-2 but the lowest open circuit voltage (𝑉oc) of 550 mV. 
The PGMA-based DSSC has the second highest 𝐽sc of 7.47 mA cm
-2, which is about 15% 
lower than that of the P4VP-based DSSC. The 𝑉oc of PGMA-based DSSC is 18.9% greater 
than that of the P4VP-based cell. The fill factor of the P4VP and PGMA-based DSSCs are 
similar, and the efficiencies of these two DSSCs are almost identical (3.1%). The PHEMA-
based DSSC has the highest 𝑉oc (717 mV) and the lowest 𝐽sc (7.02 mA cm
-2). Also, the 
PHEMA-based cell has a lower fill factor (56%) than the other two polymer-electrolyte 
DSSCs, and it has the lowest efficiency of ~2.8%. It should be noted that these efficiencies 
are lower than those typical for liquid-electrolyte DSSCs and there are several reasons. 
First, the polymer-electrolyte DSSCs reported here contain no additives to boost 
performance, additives which are routinely used in conventional liquid-electrolyte DSSCs. 
For instance, with the addition of 4-tert-butylpyridine (TBP), conventional liquid-
electrolyte DSSCs show efficiencies of 8.5% but without TBP cell efficiency drops to 
3.7%.206 This represents a 57% reduction in the efficiency which is primarily due to a 
reduction in 𝑉oc  from 0.66 to 0.38 V. The decrease is due to TiO2 surface charge 
modification which moves the conduction band edge of TiO2. Second, our fabricated 
polymer-electrolyte DSSCs did not contain a compact TiO2 layer in between the 
photoanode and FTO, which is known to improve performance by reducing the number of 
reaction sites for the recombination of triiodide with electrons on the bare FTO. Adding a 
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compact layer has been shown to improve efficiency by up to 33.3%.221 Third, the polymer-
electrolyte DSSCs did not contain a scattering layer, which can enhance the efficiency by 
up to 30% for 4-5 µm thick TiO2 photoanodes,
222 mainly by improving light harvest 
efficiency, thereby improving 𝐽sc. Fourth, the polymer DSSC here did not undergo a TiCl4 
post-treatment of the TiO2 layer, which normally improves the current density by roughly 
18% without affecting the open-circuit voltage.223 This post-treatment improvement was 
explained by a downward shift (i.e., a positive shift vs NHE) in the TiO2 band edge which 
improves quantum efficiency. Finally, it should be noted that high efficiency polymer-
electrolyte DSSCs have an efficiency of ~6% while high efficiency liquid-electrolyte 
DSSCs have an efficiency of 11-13%,36, 243 so the lower efficiency was expected. By not 
including these enhancements, we are isolating and only comparing the effect of the 
polymer on the performance of the DSSC without any unwanted interference.  
 
Figure 4-6. Experimentally measured 𝐽-𝑉 curves for the three polymer-electrolyte 
DSSCs. 
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Table 4-2. DSSC performance values obtained from experiment. 
 
𝑉oc 
(mV) 
𝐽sc 
( mA cm−2) 
FF 
(%) 
η 
(%) 
P4VP 550 8.84 64.1 3.12 
PGMA 654 7.47 63.6 3.11 
PHEMA 717 7.02 56.0 2.83 
 
 Figure 4-7 compares the 𝐽-𝑉 curves predicted by the model (using the estimated 
parameter values given in Table 4-3 and the nominal values of the other parameters given 
in Table 4-1) against the experimental 𝐽-𝑉 curves. As Figure 4-7 shows, with the three 
parameters (𝐸CB − 𝐸Redox
0 ), 𝑘e, and 𝑗0 estimated, the entire 𝐽-𝑉 behavior of the polymer-
electrolyte DSSCs is well captured. The difference between the TiO2 conduction band and 
standard redox potential is lowest for the P4VP-based DSSC (0.87 eV) followed by those 
of the PGMA- and PHEMA-based DSSCs (0.99 and 1.06 eV, respectively). The P4VP and 
PGMA-based DSSCs have, respectively, recombination rate constants (4.03×105 and 
7.11×105 s-1) that are 54% and 19% smaller than that of PHEMA (8.73×105 s-1). Finally, 
the exchange current density at the platinized cathode is highest for the P4VP-based cell 
(1.05×10-2 A cm-2) followed by those of the PGMA- and PHEMA-based cells (5.22×10-3 
and 2.42×10-3 A cm-2). Because the polymers and, more specifically, their pendant side 
groups are different, the changes observed in the 𝐽-𝑉 behavior can most likely be ascribed 
to the chemistry of the side groups (Figure 4-1).  
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Figure 4-7. Model predicted (solid lines) and experimentally measured (symbols) J-V 
curves. 
Table 4-3. Parameters estimated using the macroscopic model. 
 
𝐸CB − 𝐸Redox
0  
(eV) 
𝑘e 
(s−1) 
𝑗0 
(A cm−2) 
P4VP 0.87 4.03×105 1.05×10-2 
PGMA 0.99 7.11×105 5.22×10-3 
PHEMA 1.06 8.73×105 2.42×10-3 
 
 Through the parametric sensitivity studies (Figure 4-5), it is possible to relate the 
experimental trends of 𝑉oc , 𝐽sc , and the fill factor (Figure 4-6 and Table 4-2) to the 
estimated parameter trends for the three polymer electrolyte DSSCs (Figure 4-7 and Table 
4-3). First, as the open-circuit voltage increases from P4VP to PGMA to PHEMA, so does 
the estimated values of (𝐸CB − 𝐸Redox
0 ). This trend is mirrored in the parametric study 
(Figure 4-5a) in which 𝑉oc is predicted to increase as (𝐸CB − 𝐸Redox
0 ) increases. This trend 
is expected because the open-circuit voltage of the cell is related to the difference between 
the Fermi energy level of TiO2 and the redox potential of the electrolyte. As the conduction 
band of TiO2 shifts to negative values relative to the normal hydrogen electrode (NHE) 
potential, so does the TiO2 Fermi level and this increases the open circuit voltage. Second, 
as the short-circuit current density decreases from P4VP to PGMA to PHEMA, the 
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recombination rate constant correspondingly increases. As shown in Figure 4-5b, the 
parametric study echoes this statement because increasing the recombination rate constant 
is predicted to predominantly lead to a decrease in 𝐽sc. This is also expected because an 
increase in the recombination rate constant leads to fewer electrons in the TiO2 conduction 
band and reduces the electron flux at the anode which lowers 𝐽sc. Third, as the fill factor 
decreases from P4VP to PGMA to PHEMA, the exchange current density at the platinum 
cathode decreases. This is also reflected in the parametric study (Figure 4-5c) in which the 
fill factor is predicted to decrease as 𝑗0 decreases. This is reasonable because a higher value 
of 𝑗0 leads to a lower charge transfer resistance since charge transfer resistance is inversely 
proportional to 𝑗0. Therefore, a higher value of 𝑗0 is reflected in a lower resistance and 
improved fill factor.  
 Previous studies on electrolyte additives have led to three proposed interpretations 
on how these additives influence various 𝐽-𝑉 behavior: 
• Interpretation I: The basicity of the electrolyte additive plays a central role. Boschloo 
et al.215 experimentally observed that the addition of TBP (a basic compound) can cause 
the TiO2 surface to become more negatively charged and this shifts the conduction band 
of TiO2 to more negative values (vs. NHE), leading to an increase of ~0.34 V in 𝑉oc.
206, 
215 This interpretation is further supported by the fact that TiO2 itself exhibits a 
Nernstian response to a variation in pH with a 0.059 V positive shift (vs. NHE) of the 
conduction band energy per pH unit decrease.77 Therefore, more basic compounds 
should lead to higher 𝑉oc values. 
• Interpretation II: The coordination and formation of complexes between the lithium 
iodide salt and the additive hinders Li+ from adsorbing onto the TiO2 surface, which 
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alters its charge. Similar to the voltage shift due to pH, a shift can occur by the 
interaction of Li+ ions with the TiO2 surface.
217-218 In this case, using the cation-
promoted electron injection model,217 the conduction band of TiO2 shifts positively 
with increasing Li+ concentration at the TiO2 surface. This positive shift therefore 
reduces the 𝑉oc of the cell. 
• Interpretation III: When electrolyte additives adsorb onto the TiO2 surface, they create 
a ‘blocking’ layer to reduce the recombination rate constant. Previous experimental 
work using TBP suggested that the pyridine group of TBP causes the blocking effect 
on the surface of the TiO2,
215 reducing the recombination rate constant by one to two 
orders of magnitude202 and enhancing the short-circuit current by preventing (blocking) 
the invasion of triiodide onto the TiO2 surface. Because of the Lewis acidity of the bare 
TiO2 surface (the P25 TiO2 nanoparticles used in our fabrication of the photoanode 
have a reported pH value between 3.5-4.5),244 basic compounds have an affinity to 
adsorb onto its surface.236  
 Since it is difficult to experimentally substantiate one interpretation versus another, 
all three interpretations have been used in the past to explain DSSC performance 
changes.215 For instances, often used experimental techniques and measurements do not 
distinguish between 𝑉oc changes due to reduction in the recombination rate constant and 
those due TiO2 band edge movement,
245 making it difficult to pinpoint what caused such a 
change. However, with the use of experiment combined with modeling as presented in this 
paper, more light can be shed as to which interpretation might be operative and how 
polymer chemistry affects (i) the conduction band of TiO2, (ii) the recombination rate 
constant, and (iii) the exchange current density. P4VP has the lowest 𝑉oc and smallest 
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(𝐸CB − 𝐸Redox
0 ) followed by PGMA and PHEMA. The chemical structure of the three 
polymers (Figure 4-1) indicate that only P4VP contains a heterocyclic nitrogen group 
while PGMA contains an ester and epoxide group, and PHEMA contains an ester and 
hydroxyl group. Considering the basicity of these chemical groups, 4-vinyl pyridine has a 
pKb of 8.36,
246 propylene oxide which has the epoxide ring has a pKb of 15.7,
247 while there 
is no pKb for the hydroxyl groups on PHEMA (although in literature, the hydroxyl groups 
on PHEMA are reported as having pKa values between 11 and 12,
248 meaning it is slightly 
acidic). Because lower pKb values correspond to greater basicity, this implies that P4VP is 
the most basic of the three polymers, followed by PGMA and then PHEMA. Interpretation 
I suggests that as the basicity of the side group increases, (𝐸CB − 𝐸Redox
0 ) correspondingly 
increases, which implies that P4VP should have the largest (𝐸CB − 𝐸Redox
0 )  value, 
followed by PGMA, and finally PHEMA should have the smallest value. However, this 
trend is not seen. In fact, the reverse trend is observed. This indicates that Interpretation I 
does not explain the shift in (𝐸CB − 𝐸Redox
0 )  values for the three polymers, and that 
polymer chemistry does not directly affect the surface charge of TiO2 according to the 
mechanism proposed in Interpretation I.  
 Based on Interpretation II, we hypothesize that the polymers can form complexes 
with Li+ ions, thus preventing the Li+ ions from being adsorbed onto the surface. Previous 
studies249 suggest a possible coordination of Li+ with the side groups of the polymers. For 
instance, the epoxide ring of glycidyl methacrylate and the carbonyl and ether group of 
poly(glycidyl methacrylate-co-ethyl methacrylate) have been shown to coordinate with Li+ 
ions in batteries, and a mechanism for lithium salt dissociation and complexation in this 
polymer has already been suggested.250 Because PGMA and PHEMA have very similar 
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side groups to the one mentioned above, it is possible they too form complexes with 
lithium. Additionally, Li+ ketone complexes of the tetrahedron 4-fold coordination have 
been reported in which Li+ is coordinated with the carbonyl oxygen of each keto group.249 
Alcohols which contain a hydroxyl group just like PHEMA, can form lithium salts (e.g., 
lithium ethanolate and phenolate), and these interactions are stronger than regular 
coordination described above for PGMA. Therefore, we anticipate that PHEMA would be 
better than PGMA at preventing Li+ from adsorbing onto the surface. In contrast, single 
pyridine molecules have not been shown to form complexes or coordinate with lithium 
ions. This evidence supports the possibility of Li+ ions forming the strongest interactions 
with PHEMA, followed by PGMA and then P4VP. Based on Interpretation II then, this 
leads to PHEMA having the greatest (𝐸CB − 𝐸Redox
0 ) value, followed by PGMA, and P4VP 
having the smallest (𝐸CB − 𝐸Redox
0 ) value. This trend is observed in our experiments and 
modeling, and therefore it is likely that Interpretation II is primarily responsible for the 
changes in 𝑉oc. 
 From the experimental 𝐽-𝑉 curves, P4VP has the highest value of 𝐽sc followed by 
PGMA and PHEMA, and this corresponds to PHEMA having the highest recombination 
rate constant followed by PGMA and P4VP. In our previous experimental work,37 
electrochemical impedance spectroscopy indicated that a decrease in charge recombination 
at the electrolyte-electrode interface takes place when a polymer electrolyte is used instead 
of a liquid electrolyte. We reason that the effect from different polymer electrolyte 
chemistries can be explained by Interpretation III. As described above, if an additive is 
basic, it will readily interact with the acidic TiO2 surface and reduce the recombination rate 
constant by creating a blocking layer between the TiO2 and triiodide. Therefore, it is 
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possible that the polymer electrolyte creates a blocking layer on the TiO2, and the polymer 
chemistry affects the extent of interaction and therefore the quality of the blocking layer 
formed. Specifically, the basic pyridine group of P4VP may associate more readily than 
either PGMA or PHEMA onto the bare TiO2 surface, which has Lewis acidity. PGMA 
which has a less basic side group than P4VP is less likely to form a good blocking layer, 
and PHEMA should form the weakest blocking layer because it is slightly acidic and does 
not benefit from Lewis base-acid interactions with the TiO2. As the adsorption of the 
polymer improves, it helps prevent the attachment of triiodide onto the TiO2 surface, thus 
decreasing the rate of undesirable electron transfer from the TiO2 to triiodide. Based on 
Interpretation III, as the basicity of the polymer decreases, the polymer does not associate 
as strongly with the TiO2 surface and therefore the recombination rate constant increases. 
This trend is observed in our experimental and modeling results in which P4VP has the 
lowest recombination rate constant, followed by PGMA and then PHEMA. Interpretation 
III is therefore consistent with the changes observed in 𝐽sc. 
Our results show that P4VP has the highest fill factor and exchange current density, 
𝑗0, followed by PGMA and then PHEMA. Physically, the exchange current density, 𝑗0, is 
directly related to the charge transfer resistance at the platinum cathode. As charge transfer 
resistance decreases, 𝑗0  increases and the fill factor improves. For all three polymer 
electrolyte DSSCs, the estimated exchange current density at the platinum cathode is less 
than the nominal starting value of 0.1 A cm-2. This is expected because this value is based 
on liquid electrolyte (acetonitrile) DSSCs, which exhibit very low charge transfer 
resistance and therefore high values of 𝑗0, while polymer electrolytes show higher charge 
transfer resistance, lower fill factor, and lower values of 𝑗0.
235 Furthermore, the use of 
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propylene carbonate instead of acetonitrile has been shown to decreases 𝑗0 by an order of 
magnitude,240 and our redox solution which was used to incorporate the redox couple into 
the polymers consisted of a 1:1 volume ratio of 𝛾-butyrolactone and propylene carbonate. 
This can at least explain the order of magnitude decrease of 𝑗0 from its nominal value.  
Even though the interpretations discussed above do not relate to the effect on the exchange 
current density, our interpretation of the subtle changes of 𝑗0  to polymer chemistry is 
similar to the arguments made in Interpretation III. Specifically, the pyridine group of 
P4VP followed by the epoxide ring of PGMA are interacting more strongly with platinum 
than the hydroxyl group of PHEMA. When comparing the epoxide group of PGMA to the 
hydroxyl group of PHEMA, quantum chemistry calculations have shown oxygen forms 
stronger bonds to platinum surfaces than hydroxyl, as determined by absorption 
energies.251 This suggests PGMA should interact more strongly than PHEMA. In literature, 
P4VP and poly(N-vinyl-2-pyrrolidone) (PVP) are known to strongly interact with noble 
metals such as Pt and Pd by the lone electron pairs on the nitrogen and oxygen.252-253 In 
addition, these polymers are often regarded as a ‘protecting agent’ for noble metals because 
of their metal binding basic functionalities. When comparing the pyridine group of P4VP 
to the epoxide group of PGMA, quantum chemical calculations of the binding energy 
predict nitrogen has a ~12-20% greater binding energy than oxygen on fcc Pt(111) (the 
most stable face).254 This same trend is followed with cyanide (CN) which has a ~100% 
greater binding energy than carbon monoxide (CO). This suggests P4VP should interact 
more strongly than PGMA on platinum while PHEMA should be the weakest. As discussed 
in literature,252 as the probability of free PVP (PVP which had not adhered to the Pt) 
decreases, the charge transfer resistance of DSSCs also decreases. Therefore, it is 
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reasonable that as the polymers binds more strongly onto the platinum cathode, less free 
polymer is available to increase charge transfer resistance and decrease 𝑗0 . So by 
interacting more strongly, a better contact between the platinum and the polymer 
electrolyte can form which could be enhancing charge transfer between the platinum and 
polymer electrolyte, leading to the higher value of 𝑗0 and fill factor. 
4.5. Conclusions 
For complex systems such as DSSCs, first-principles models coupled with 
experimental investigations can provide invaluable guidance and enhanced understanding. 
Although experimental 𝐽-𝑉  results show differences in cell performance, macroscopic 
modeling and scientific judgment allow one to discern underlying phenomena responsible 
for these differences. For instance, this work suggests that the coordination and formation 
of complexes between the lithium iodide salt and polymer side groups are strongest for 
PHEMA followed by PGMA and P4VP. The formation of complexes reduces surface Li+ 
concentration on TiO2 and therefore negatively shifts the conduction band of TiO2, which 
accounts for PHEMA having the largest 𝑉oc followed by PGMA and P4VP. The combined 
theoretical and experimental investigation also suggests that as the polymer side groups 
become more basic, they adsorb more readily onto the TiO2 surface due to Lewis acid-base 
interactions, and thereby make a more effective blocking layer, which reduces the 
recombination rate constant and improves 𝐽sc. This explains why P4VP, the most basic 
polymer, has the largest 𝐽sc followed by PGMA and PHEMA. Finally, this work suggests 
that polymer side groups with lone electron pairs on nitrogen and oxygen improve the 
exchange current density at the platinum cathode and fill factor by interacting more closely 
at the polymer-platinum interface, thereby reducing charge transfer resistance. Finally, the 
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model helps quantify these changes occurring within the cell and helps determine which 
processes are affected and to what degree.  
 This work demonstrates how a first-principles model coupled with experimental 
results can provide greater insight into the effects of polymer chemistry on the interfacial 
processes occurring inside the cell than 𝐽-𝑉  experiments alone. This approach is an 
efficient way of advancing fundamental understanding of materials across many length and 
time scales and can help elucidate the effects of chemical structure and surface properties 
on overall cell performance.   
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Chapter 5. Experimental and Theoretical Investigation of Dye Sensitized Solar Cells 
Integrated with Crosslinked Poly(Vinylpyrrolidone) using Initiated Chemical Vapor 
Depositioniv 
Based on the novel insight gained from Chapter 4 on how polymer chemistry 
impacts device performance, it was important to investigate other polymer chemistry 
functionality and determine if the insight from Chapter 4 applied to different side-group 
chemistries. Also, for crosslinked polymer electrolyte integration, a better understanding 
was needed as to how copolymerization between the monomer and crosslinker occurs in 
iCVD.  
So here, iCVD is used to integrate crosslinked PVP as a polymer electrolyte into 
the mesoporous TiO2 photoanode of DSSCs. By adjusting the fractional saturation ratio of 
ethylene glycol diacrylate (EGDA) crosslinker to vinylpyrrolidone (VP) monomer, the 
amount of crosslinker within the crosslinked polymer is controlled directly, and a minimum 
ratio of 0.2:1 (EGDA to VP) is found to form a robust insoluble crosslinked film. Fineman-
Ross copolymer analysis indicates that both VP and EGDA prefer to polymerize with VP 
rather than with EGDA, likely due to reduced steric hindrance. DSSCs incorporating 
crosslinked PVP polymer electrolyte are found to have 51% higher power conversion 
efficiency (37% higher in open circuit voltage and 25% higher in fill factor) compared to 
DSSCs with liquid electrolytes. First-principles macroscopic mathematical modeling 
reveals that the polymer electrolyte shifts the conduction band of TiO2 (vs. normal 
                                                 
iv Adapted from Yuriy Y. Smolin*, Sruthi Janakiraman*, Masoud Soroush, Kenneth K. S. Lau. Thin Solid Films. 2017. 
DOI: 10.1016/j.tsf.2016.12.034. Experimental and Theoretical Investigation of Dye Sensitized Solar Cells 
Integrated with Crosslinked Poly(Vinylpyrrolidone) Polymer Electrolyte using Initiated Chemical Vapor 
Deposition. *Authors contributed equally. 
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hydrogen electrode) negatively, increases shunt resistance, and affects interfacial processes 
like back-electron surface recombination in the cell. 
5.1. Introduction 
The DSSC, first introduced by the Grätzel group in 1991,9 is a promising 
photovoltaic technology that has received significant scientific attention due to its lower 
manufacturing costs compared to conventional silicon-based homojunction solar cells,10 
and currently have cell efficiencies of over 14%.11 A recent renaissance of DSSCs have 
highlighted that more research needs to be done on the electrolyte medium and on 
engineering the interface between the TiO2 and electrolyte to further improve performance 
and stability.15 Figure 5-1 illustrates the components within a DSSC. It is composed of a 
mesoporous TiO2 photoanode coated on a transparent conducting oxide layer such as 
fluorine-doped tin oxide (FTO) glass.16 The TiO2 photoanode is often sensitized with a 
monolayer of a ruthenium dye, although donor-pi-acceptor organic dyes have also been 
used.17 The dye is photoexcited by visible light and injects an electron into the TiO2 
photoanode. Electrons move, via diffusion, through the TiO2 photoanode to the FTO layer, 
travel through an external load, back to the cell's platinized cathode, and into the electrolyte 
solution. The electrolyte is typically an organic liquid containing an iodide/triiodide redox 
couple. The iodide/triiodide redox couple accepts the electrons from the cathode and 
transports them back to the photoanode to regenerate the dye.  
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Figure 5-1. Schematic of a polymer electrolyte DSSC, including the major components 
such as the mesoporous network of TiO2 nanoparticles (silver sphere), adsorbed dye 
molecules (purple circle), polymer electrolyte (green), platinum coated FTO glass (right 
side), and redox couple of iodide and triiodide (arrows show the redox shuttle).  
A major limitation of the current DSSC design is the liquid electrolyte, which is 
prone to leakage and evaporation, and is corrosive to metal contacts such as silver which 
affects long term stability.28 Furthermore, electron recombination loss is significant at the 
TiO2-electrolyte interface as the photogenerated electrons traveling through the TiO2 can 
be captured by the redox electrolyte prior to leaving the cell. Therefore, replacing the liquid 
electrolyte can enhance DSSC performance, address DSSC stability, and overcome other 
major issues related with liquid electrolytes. Solid-state alternatives to liquid electrolytes 
include p-type semiconductors,30 hole conductors,31-33 and polymeric materials 
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incorporating the triodide/iodide redox couple.34-35 Deposition of these alternatives within 
the porous TiO2 layer must be done without degrading or dissolving the dye—therefore 
without the use of high temperatures. Common methods are casting from solution, vacuum 
deposition, injection of a polymer solution following by gelation, and dip coatings.34, 39 For 
instance, poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP) has been used to 
replace the liquid electrolyte in DSSCs.255 To impregnate the photoanode with the polymer 
electrolyte, PVDF-HFP was mixed with a liquid electrolyte and heated until no solid was 
observed, then this hot solution filled the photoanode using a vacuum pump and cooling 
solidified the solution within the electrode. However, these methods often lead to 
incomplete poor filling for photoanodes over 2 µm34, 39 and poor pore filling is the main 
disadvantage of using organic hole transport materials.39 Therefore, work has also been 
done on in-situ photoelectrochemical polymerization, which has led to improved pore 
filling.39 Although liquid electrolyte alternatives are being intensely studied, there are 
currently few studies that combine both experiments and mathematical modeling to better 
understand the interfacial DSSC processes/interfaces and the interplay between 
components. Compared to the wide number of experimental DSSC studies, only a few 
studies mathematically model the DSSC using first principles.28 Nevertheless, accurate 
first-principles mathematical models can provide valuable insight and guidance to facilitate 
future advances in solar technology. In particular, when these models are coupled with 
experimental results, it allows for the systematic optimization of DSSC design and 
operation. First-principles macroscopic models, which are based on fundamental 
continuity and transport equations, can describe overall DSSC behavior and so can work 
in tandem with experiments.53 In our previous work, it was shown that replacing the liquid 
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electrolyte with a polymer electrolyte leads to higher performance along with the ability to 
tune the current-voltage (J-V) behavior of the cell.28, 37 Using first-principles mathematical 
modeling, this increase was attributed to a stabilized and enhanced TiO2 photoanode-
electrolyte interface. Moreover, polymer electrolytes have reasonable ionic conductivity, 
which make them an excellent alternative to the liquid electrolyte.39  
To ensure optimal performing DSSCs, there needs to be intimate contact between 
the polymer electrolyte and the TiO2 throughout the entire photoanode layer to ensure the 
redox couple can reach the adsorbed photosensitive dye. A major obstacle of using polymer 
electrolytes within the nanostructured, high aspect ratio and tortuous mesoporous TiO2 
photoanode is the effect of liquid viscosity, surface tension, solute steric hindrance and 
poor wettability, which leads to ineffective pore penetration using conventional polymer 
deposition techniques such as spin casting and dip coating from polymer solutions. Often 
only the top 2 µm out of a 10 µm photoanode layer is in contact with the polymer with the 
remaining 8 µm below completely void of polymer.30, 154-156 This reduces device 
performance because a large portion of the adsorbed dye is not accessible to the electrolyte 
and cannot be regenerated. Many leading DSSC researchers, including Grätzel, have stated 
that incomplete pore filling is one of the main factors limiting solid-state DSSC 
efficiency.44 To overcome the limitation of current methods for incorporating polymer 
electrolytes into the mesoporous TiO2, we employ a unique polymerization technique 
called iCVD.157-158 iCVD is a solvent-free, adsorption-limited polymerization method that 
relies on gas-to-surface reactions at low pressures. This makes it especially useful for cases 
that require penetration of nanometer-sized pores and allows for uniform conformal 
coatings in complex geometries.159-160 Another advantage of this method of deposition for 
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DSSCs is that it does not require the use of any liquid solvents, which may get trapped in 
the photoanode and degrade performance since they are difficult to remove.37  
In this work, iCVD is utilized for the synthesis and integration of crosslinked PVP 
into the mesoporous TiO2 photoanode of DSSCs. We have previously conducted 
experimental iCVD studies which investigated the kinetics of PVP synthesis and 
spectroscopically proved the formation of stoichiometric, linear PVP homopolymer using 
FTIR and XPS.256 This study first aims to investigate the iCVD deposition behavior of 
crosslinked PVP using EGDA as the crosslinker. The second part of this study aims to 
elucidate the DSSC behavior of crosslinked PVP as the polymer electrolyte. Previous work 
by our group to incorporate linear polyglycidol (PGL), without a crosslinker, into 
mesoporous TiO2 illustrated that iCVD can conformally deposit PGL and fill 91% of the 
available pore space.159 This works builds on those findings to incorporate two co-
monomers, VP and EGDA, into the mesoporous TiO2 photoanode as a crosslinked polymer 
electrolyte for DSSCs. Uniquely, to investigate the impact of this PVP chemistry on DSSC 
performance and internal processes, first principles mathematical modeling is used. By 
combining first-principles modeling with experiments, we gain a better understanding of 
the interfacial processes occurring inside the DSSCs. The model allows us to predict how 
PVP’s chemistry influences the photochemical processes and J-V behavior of the solar cell. 
Currently, there is little understanding of how this polymer electrolyte affects the internal 
and interfacial DSSC processes and this study helps to illuminate the possible effects. 
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5.2. Experimental Details 
5.2.1. iCVD of PVP 
Figure 5-2 shows the general scheme of the iCVD process. Also shown is the iCVD 
pore filling process in which the reagents flow into the reaction chamber as vapors which 
can easily penetrate into the mesoscale voids and polymerize on the pore surface. The 
reagents flow past a series of heated filament wires whereupon the initiator is thermally 
decomposed into free radicals without degrading the monomer. Subsequently, monomer 
vapor adsorbs on a cooled substrate surface and surface polymerization occurs through 
monomer addition and polymer chain propagation at activated initiator sites. Since PVP 
was found to dissolve in the redox solvent, crosslinking was introduced to the iCVD 
polymerization reaction in order to ensure polymer stability and insolubility, as shown in 
Figure 5-3. The monomer 1-vinyl-2-pyrrolidone (VP; 99% Aldrich), initiator di-tert-butyl 
peroxide (TBPO; 98% Aldrich) and crosslinker ethylene glycol diacrylate (EGDA; 98% 
Alfa Aesar) were used as received. Crosslinked PVP was firstly deposited as a thin film on 
silicon wafers in order to facilitate initial spectroscopic and microscopic evaluation. For 
deposition, the monomer VP and crosslinker EGDA were heated in source containers to 90 
and 70 °C, respectively, in order to attain sufficient vapor pressure, while initator TBPO 
was kept at room temperature. The reactor pressure was maintained at 20 Pa (0.15 Torr). 
A Sorensen DLM 60-10DC power supply was used to resistively heat the filament wires 
(Chromaloy O, Goodfellow) to 270 °C by passing a current of 1.25 A. Vapors of VP and 
TBPO were sent into the reactor at flow rates of 1 and 0.2 sccm (standard cubic cm per 
min), respectively, using precision needle valves. The deposition substrate was placed on 
a cooling stage below the array of filament wires and cooled by backside contact with a 
110 
 
 
thermal fluid flowing through a Thermo Scientific RTE-7 chiller. The flow rate of EGDA 
was varied from 0.05 to 0.3 sccm to determine the ideal crosslinking conditions. 
 
Figure 5-2. (a) iCVD deposition process scheme. Monomer (orange) and initiator (green) 
are introduced as vapors into the reaction chamber. (b) iCVD pore filling process scheme. 
(1) Monomer (M) and initiator (I) are introduced as vapors into the reaction chamber. (2) 
A heated filament array is used to selectively activate the initiator into free radicals (R·). 
(3) Monomer and activated initiator are adsorbed onto the cooled substrate. (4) 
Polymerization occurs throughout the mesoporous TiO2 photoanode (gray) to enable pore 
filling of polymer (green). 
 
Figure 5-3. Free radical addition polymerization reaction for the formation of crosslinked 
PVP from VP monomer and EGDA crosslinker. 
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The variation in EGDA flow allowed the effect of changes in the fractional 
saturation ratios of the monomer and crosslinker, Pm/Pm,sat and Pc/Pc,sat, to be explored (Pm 
and Pc are the partial pressures of the monomer and crosslinker; Pm,sat and Pc,sat are the 
monomer and crosslinker vapor pressures at the substrate temperature). The ratio of the 
fractional saturations of monomer to crosslinker, Zr, calculated as Pc/Pc,sat over Pm/Pm,sat, 
was determined for each reaction. Zr represents the crosslinker (EGDA) to monomer (VP) 
surface concentration during the reaction. A series of four different reaction conditions 
were studied, as shown in Table 5-1. The ideal crosslinking condition was determined by 
experimenting with different Zr ratios to identify the lowest Zr value (one with the least 
crosslinker to monomer) to prevent PVP from dissolving. This enabled an insoluble 
crosslinked film without adversely impacting the properties of PVP. Results showed that 
at a Zr ratio of 0.1, PVP is still soluble so there is insufficient crosslinker. The ideal 
crosslinking conditions are at a Zr ratio of 0.2, which stabilized the PVP from dissolving. 
Higher Zr values (i.e., higher crosslinking concentrations) lead to films that are less 
amenable to phtoanode pore filling, adversely affect PVP properties, and therefore could 
reduce DSSC performance. 
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Table 5-1. iCVD process runs to determine the ideal reaction conditions for crosslinking 
PVP. 
 
5.2.2. Polymer Characterization 
FTIR spectroscopy measurements were performed on a Thermo Nicolet 6700 
spectrometer in normal transmission mode. All scans were performed with a deuterated 
triglycine sulfate detector. Each spectrum consisted of 64 scans between 400-4000 cm-1. 
The major spectral peaks were analyzed for chemical groupings specific to the crosslinker 
(EGDA) and the monomer (VP) structures in the crosslinked PVP polymers. All FTIR 
spectra were baseline corrected. From FTIR, the ratio of the areas of the peaks specific to 
EGDA and VP in crosslinked PVP were calculated using the OMNIC software. This 
information together with the corresponding iCVD deposition conditions were used to plot 
the fraction of EGDA in the resulting copolymer versus the fraction of EGDA at the surface 
during deposition. 
5.2.3. iCVD PVP Pore Filling 
We have previously shown that by utilizing the iCVD approach, the entire 
photoanode thickness, up to 12 µm can be pore filled with polymer very efficiently.37 
Figure 5-2 illustrates the pore filling process. Here, the free radical species from activated 
Run 
Flowrate 
of VP 
(sccm) 
Flowrate 
of TBPO 
(sccm) 
Flowrate 
of EGDA 
(sccm) 
Substrate 
Temperature 
(oC) 
Pm/Pm,sat[a] Pc/Pc,sat[b] Zr[c] 
1 1 0.2 0.05 51 0.10 0.01 0.1 
2 1 0.2 0.1 50 0.15 0.03 0.2 
3 1 0.2 0.2 45 0.21 0.06 0.33 
4 1 0.2 0.3 40 0.27 0.13 0.5 
[a] Fractional saturation of monomer at substrate surface.  
[b] Fractional saturation of crosslinker at substrate surface. 
[c] Zr = (Pc/Pc,sat)/(Pm/Pm,sat). 
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TBPO along with VP and EGDA vapors flow into the pores of the TiO2 photoanode and 
surface polymerize, and the continual polymerization on the surface of TiO2 photoanode 
eventually filles the pores. Good pore filling relies on controlling the kinetics of the iCVD 
process so diffusion of the active species is faster than surface polymerization. Pore filling 
depositions were carried out at a constant Zr ratio of 0.2, and a Pm/Pm,sat range of 0.15-0.20, 
which was determined as the optimal for pore filling at TiO2 layers thicknesses of 2 and 4 
µm. Scanning electron microscopy (SEM) was done on a Zeiss Supra 50VP in high vacuum 
mode at 10 kX magnification and 2 kV to qualitatively assess the pore filling quality for 
each sample. Prior to SEM, samples were cleaved using a glass cutter after plunging in 
liquid nitrogen to create a clean cross section surface, which was subsequently sputter-
coated with platinum for 30 seconds.  
5.2.4. Solar Cell Fabrication 
TiO2 paste was prepared by pouring 6 g of P25 TiO2 powder (Evonik) into a mortar. 
12 ml of deionized (DI) water was then added gradually while using a pestle to 
continuously mix the paste. After homogenization, 3 ml of acetylacetone (Aldrich) and 1 
ml of Triton X (Aldrich) were slowly added. The resulting suspension was then filtered 
through a 25 μm mesh material into a glass vial. After sonicating the suspension for 1 h 
and continuously stirring for another 30 min with a magnetic stirrer, it was left for 24 h to 
settle out any large TiO2 particles.  
FTO glass slides (Hartford Glass, TEC 15) were first cleaned placed in a beaker 
with DI water and detergent and sonicated for 30 min. After sonication, each glass slide 
was rinsed separately with DI water and ethanol (Decon, 200 Proof). Once air dried, they 
were heated to 100 °C for 15 min to remove any residual water or ethanol. Each glass slide 
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was then placed one at a time in a spin coater and 0.25 ml of the prepared TiO2 paste was 
added to the conductive side of the glass. In order to get a TiO2 thickness of 2 µm, the glass 
was spun sequentially at 500 rpm for 3 s, 800 rpm for 3 s, 1500 rpm for 1 min, 700 rpm for 
5 s, and 400 rpm for 3 s. For a TiO2 thickness of 4 µm, the glass was spun at 400 rpm for 
1 min. All coated samples were heated to 500 °C at 50 °C increments. The samples were 
maintained at each incremental temperature for 5 min and at 500 °C for 30 min. This 
removed the acetylacetone and Triton X and created the mesoporous sintered network of 
TiO2 nanoparticles.  
The procedures for preparing liquid and polymer electrolyte DSSCs were similar 
with slight variations. First, FTO glass electrodes were cleaned and coated with TiO2 paste 
as described above. Before annealing the glass samples, excess TiO2 was removed from 
the substrate edges to create a 1 cm2 square area of the TiO2 layer. The electrodes were 
annealed and cooled to 100 °C for liquid and polymer electrolyte DSSCs, before being 
immersed in a 0.5 mM N-719 ruthenium dye (Solaronix) in 50:50 vol% solution of 
acetonitrile (99.7% Alfa Aesar), and tert-butyl alcohol (99.8% Alfa Aesar) and left to soak 
for 24 h in the dark. After soaking, the glass electrodes were lightly rinsed with ethanol to 
remove any unadsorbed dye. For the liquid electrolyte DSSC, tape (3M) was placed on 
three sides of the photoanodes to create a spacer to avoid a short in the cell. For the polymer 
electrolyte DSSC, the electrodes were immediately placed in the iCVD chamber under 
vacuum. Crosslinked PVP was deposited at a Pm/Pm,sat between 0.15–0.21 with 1, 0.2, and 
0.1 sccm flow of monomer, initiator, and crosslinker, respectively, until complete pore 
filling was achieved. The ratio of crosslinker Pc/Pc,sat to monomer Pm/Pm,sat or the fractional 
saturation ratio, Zr, was kept constant at 0.2. The filament was heated to 270 °C using a 
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filament current of 1.25 A, and the pressure was kept constant at 20 Pa (0.15 Torr). The 
substrate temperature ranged from 50–54 °C based on the desired Pm/Pm,sat. After 
deposition, the samples were removed from the reactor and immersed in a redox solution 
composed of 0.5 M lithium iodide (99.9% Aldrich) and 0.05 M iodine (99.9% Aldrich) in 
a 50:50 mixture of γ-butyrolactone (>99.9% Aldrich) and propylene carbonate (>99% 
Aldrich) for 22 h to incorporate the redox couple. The liquid electrolyte DSSC also used 
this electrolyte solution. For both liquid and polymer electrolyte DSSCs, a platinized 
counter electrode was prepared by spin coating 25 µl of 5 mM solution of chloroplatinic 
acid hydrate (99.9% Aldrich) in 2-propanol (99.9% Aldrich) onto cleaned (DI water and 
ethanol rinsed) FTO glass at 400 rpm for 6 s, 700 rpm for 60 s and 400 rpm for 6 s. The 
counter electrodes were then heated to 400 °C at 50 °C increments. The electrodes were 
maintained at each incremental temperature for 5 min and at 400 °C for 30 min. For 
polymer electrolyte DSSCs, the platinized counter electrode and photoanode were simply 
pressed together and secured with clips before characterization. The additional polymer on 
top of the pore filled photoanode deposited during iCVD ensured no short in the cell. For 
liquid electrolyte DSSCs, first the platinized counter electrode and taped photoanode were 
pressed together. Then 1 ml of the same redox solution used for the polymer electrolyte 
cell was inserted into the untaped side of the solar cell right before characterization. 
5.2.5. Solar Cell Testing 
A solar simulator with a Newport 50-500 W lamp filtered to AM 1.5 spectral 
conditions was utilized to perform photovoltaic measurements on each prepared DSSC. 
Data was taken using a Gamry Reference 600 on samples over an area of 9.62 mm2 under 
1 sun illumination (100 mW/cm2 irradiance). Gamry Framework software was used to 
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generate the current-voltage (J-V) curves through linear sweep voltammetry. The resulting 
data was used to determine the fill factor, open-circuit voltage, short circuit current density, 
and power conversion efficiency of the cells. For each electrode thickness (2 and 4µm), 
samples were duplicated and tested.  
5.2.6. DSSC Mathematical Model and Parameter Estimation 
The structure of the mathematical model representing the polymer-electrolyte 
DSSC is based on the model presented by Smolin et al. previously.28 Its main components 
are continuity and transport equations that account for the generation, consumption and 
transport of iodide, triiodide, and lithium ions as well as electrons through the pseudo-
homogeneous medium. Similar to the work of Ferber et al.,53 Oda et al.,71 and Bavarian et 
al.84 this model does not include trapped states but instead relies on a kinetics based 
approach to model the recombination of electron in the conduction band with triiodide in 
the electrolyte. The model equations are given in Smolin et al.28 For parameter estimation, 
steady state was assumed.  
”Base-case” values of the model parameters are given in Smolin et al.28 As many 
of these model parameters do not depend on the type of electrolyte used (polymer or liquid), 
they were not estimated and the initial “base-case” values were used, which were either 
determined experimentally or based on literature values from experiments and theory. For 
the diffusion of redox ions, it has been reported that their diffusion coefficients in polymer 
electrolytes typically are an order of magnitude smaller than that in liquid electrolytes and 
this was taken into account for this work. Several parameters depend on the electrolyte 
chemistry and were thus estimated for each polymer electrolyte and the liquid electrolyte. 
Because the polymers are in intimate contact with the TiO2-dye photoanode and the 
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platinized cathode, we believe that the polymers have a strong effect on interfacial 
processes occurring within the cell, such as the back electron recombination from the TiO2 
to the electrolyte. Electrochemical impedance spectroscopy indicated that charge 
recombination at the electrolyte-electrode interface decreases when a polymer electrolyte 
is used instead of a liquid electrolyte.37 Therefore, the recombination rate constant, 𝑘e, is 
considered to be important and was estimated for each electrolyte type. Another parameter 
that should be affected by polymer chemistry is the difference between the Fermi energy 
level of TiO2 and redox potential of the electrolyte (𝐸CB − 𝐸Redox
0 ). Previous experimental 
studies206, 215 have shown that the presence of 4-tert-butylpyridine (TBP), as well as other 
electrolyte additives, can increase the open-circuit voltage, 𝑉oc , by shifting the TiO2 
conduction band.236 In addition, the series and shunt resistances are expected to be affected 
by the electrolyte chemistry. In view of this, the following four parameters were estimated: 
difference between TiO2 conduction band and standard redox potentials, (𝐸CB − 𝐸Redox
0 ), 
recombination rate constant, 𝑘e, series resistance, Rseries, and shunt resistance, Rshunt. The 
“base-case” values of these four parameters, given in Smolin et al.,28 served as initial 
guesses to the parameter estimation subroutine described previously.28 
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5.3. Results and Discussion 
5.3.1. Crosslinked PVP Structure and Composition 
 
Figure 5-4. FTIR spectra of crosslinked PVP at different Zr ratios of Pc/Pc,sat to Pm/Pm,sat. 
As the amount EGDA during iCVD increases, there is a corresponding increase in the 
fraction of EGDA in the resulting crosslinked polymer, as given by the relative increase in 
the 1735 vs. 1685 cm-1 carbonyl peaks of EGDA and VP, respectively. 
FTIR spectra of crosslinked PVP films at different Zr ratios of Pc/Pc,sat to Pm/Pm,sat 
are shown in Figure 5-4. For peaks related to the VP structure, CHx, C–C, and C–N 
stretches are represented by the absorptions at 2800-3000, 1400-1500, and 1250-1335 cm-1, 
respectively.257-258 The main peak at 1685 cm-1 has the strongest intensity and represents 
the C=O stretch. For peaks related to the EGDA structure, the sharp peak at 1735 cm-1 
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represents carbonyl stretching (C=O) and the peak at 1230 cm-1 represents C-O 
stretching.259 It is clear that as the fractional saturation ratio decreases, the intensity of the 
carbonyl peak associated with EGDA at 1735 cm-1 increased while the carbonyl peak of 
VP at 1685 cm-1 decreased. This change in FTIR data was used to understand more 
quantitatively the copolymerization behavior of VP and EGDA. The data allowed Fc, 
which is the mole fraction of EGDA in the polymer, to be determined as the ratio of the 
area of the peak at 1735 cm-1 associated with EGDA (Ac) to the total area of the peak at 
1685 cm-1 related to VP (Am) and at 1735 cm
-1 corresponding to EGDA (Ac), see Equation 
5.1. The value of Ac was divided by two to account for the two C=O bonds present in 
EGDA.260 This assumes that the infrared absorption cross section for the two different 
carbonyl bonds are similar.194 From the iCVD synthesis conditions, fc, which is the mole 
fraction of EGDA available on the deposition surface was also calculated,230, 260 see 
Equation 5.2. Figure 5-5a, which plots Fc as a function of fc, shows a direct, linear 
relationship between the available EGDA at the surface for polymerization to the amount 
of EGDA that ends up in the copolymer (crosslinked PVP). This is expected since iCVD 
is typically a surface absoprtion limited proccess and the suface availability of the 
crosslinker would directly affect the final copolymer composition. 
 𝐹c =
𝐴c
𝐴c+𝐴m
       (5.1) 
 𝑓c =
𝑃c
𝑃c,sat 
𝑃m
𝑃m,sat
 + 
𝑃c
 𝑃c,sat 
      (5.2) 
The Fineman-Ross copolymer equation 261 given in Equation 3: 
 𝑌 = 𝑟𝑚𝑋 + 𝑟𝑐       (5.3) 
where  
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 𝑌 =
𝑓m(1−2𝐹m)
𝐹m(1−𝑓m)
       (5.4) 
and 
 𝑋 =
𝑓m
2 (𝐹m−1)
𝐹m(1−𝑓m)2
       (5.5) 
was used to determine the monomer reactivity ratios,229, 260, 262 where 𝑟𝑚 and 𝑟𝑐  are the 
reactivity ratios of VP (m) and EGDA (c). It should be noted that we have assumed one 
EGDA molecule acts equivalently as two independent methyl acrylate (MA) molecules,263 
so the reactivity ratio is essentially for one MA molecule. Therefore, 𝑓m used in Equations 
5.4 and 5.5 is equal to 1-2𝑓c.
229, 260, 262 By plotting Y against X, as shown in Figure 5-5b, 
and using linear least squares regression of the data, the reactivity ratios are: 𝑟𝑚 = 2.1 and 
𝑟𝑐 = 0.02 (R
2=0.98). From this analysis, one can describe the distribution of monomer in 
the PVP-EGDA copolymer film. If 𝑟𝑚 and 𝑟𝑐 are close to zero, the monomers add to each 
other and form an alternating polymer. If 𝑟𝑚 and 𝑟𝑐 are close to 1, monomer m will react 
with another monomer m as freqencly as reacting with monomer c, leading to a random 
copolymer. Finally, as 𝑟𝑚 and 𝑟𝑐 approach infinity, monomer m will increasingly prefer to 
react with another m, and likewise monomer c with monomer c, forming a block 
copolymer. Here, since 𝑟𝑚 = 2.1, this indicates that VP prefers to react with itself rather 
than react with EGDA, while 𝑟𝑐  = 0.02 indicates EGDA prefers to react with VP over 
another EGDA monomer. EGDA is relatively large in comparision to VP, therefore, due 
to steric effect, it is most likely more difficult for EGDA to react with itself than with the 
smaller VP monomer. The reduced steric hinderance is likely why VP prefers to react with 
itself instead of EGDA as well. 
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Figure 5-5. (a) Plot of the fraction of EGDA in the deposited copolymer (Fc) versus the 
fraction of EGDA in the monomer feed present at the deposition surface (fc). (b) Plot of the 
Fineman-Ross copolymer equation with the experimental data (black squares) linearly 
regressed (red line) to yield an estimate of the monomer reactivity ratios, 𝑟𝑚 = 2.1 and 𝑟𝑐 = 
0.02 (R2=0.98), where m and c represents VP and EGDA, respectively. 
5.3.2. Pore Filling of PVP into Mesoporous TiO2 Photoanode 
The pore filling of TiO2 with iCVD is dependent on two factors: the surface reaction 
rate of polymerization and the diffusion of the reactants through the pores.37 Gas phase 
diffusion inside mesoporous TiO2 has been found to be dominated by Knudsen diffusion 
which depends on the size of the pores (dpore) and the diffusion length through the structure 
(λ).159 For diffusion inside mesoporous materials, surface diffusion is also a significant 
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component to the overall mass transport. The surface reaction is based on the propagation 
rate constant for polymerization and the monomer concentration at the surface.37 In order 
to achieve complete pore filling, the surface reaction must be rate limiting. It has been 
previously discussed by Janakiraman et al.,256 that the deposition rate of PVP increases 
with increasing Pm/Pm,sat. However, there are competing effects with diffusion in which 
maximum diffusivity is observed at intermediate partial pressures or surface coverage i.e. 
at intermediate Pm/Psat conditions.
37 Therefore, there is an ideal range of Pm/Pm,sat values 
in which the surface reaction becomes limiting and it is within this range that complete 
pore filling of the mesoporous TiO2 electrode is observed. At above or below this optimal 
range of Pm/Pm,sat values, diffusion becomes rate limiting and results in a lack of pore filling 
and mainly formation of polymer on top of the porous layer.37 Figure 5-6 shows SEM 
images of the cross-sectional area of the TiO2 layer with a thickness of 3 µm at the ideal 
pore filling conditions. Figure 5-6a is for a sample pore filled at a Pm/Pm,sat and Pc/Pc,sat of 
0.15 and 0.03, respectively, for a deposition time of 90 min, while Figure 5-6b is for one 
pore filled at a Pm/Pm,sat and Pc/Pc,sat of 0.21 and 0.04, respectively, for the same deposition 
time. Both samples were pore filled at a Zr of 0.2. Figures 5-6a and 5-6b show complete 
pore filling for the optimal range of Pm/Pm,sat, between 0.15 and 0.21. All the pores from 
top to bottom are completely filled, and a thin top layer of PVP was formed that provides 
the separation needed between the TiO2 photoanode and platinized counter electrode to 
prevent shorting when the DSSC cells were assembled. Therefore, all polymer electrolyte 
DSSCs have been pore filled at a Pm/Pm,sat between 0.15 and 0.21 with a Zr ratio of 0.2. 
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Figure 5-6. Cross-sectional SEM images, showing pore filling of crosslinked PVP with 
iCVD at Pm/Pm,sat ratios of (a) 0.15, and (b) 0.21 for a TiO2 photoanode thickness of 3 µm. 
5.3.3. PVP Polymer Electrolyte DSSC Behavior: Experimental and Mathematical 
Modeling 
After pore filling, a complete polymer electrolyte DSSC was assembled and the 
current-voltage (J-V) photoresponse was measured. The data was analyzed to determine 
the open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and 
conversion efficiency (ɳ) of each cell. The Voc represents the maximum voltage the cell can 
produce while the Jsc represents the maximum current density that the cell can produce. 
The fill factor (FF) can be calculated using Equation 5.6 below: 
 𝐹𝐹 =
(𝑉max×𝐽max)
(𝑉OC ×𝐽SC)
      (5.6) 
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where 𝑉max and 𝐽max are the current and voltage values at the maximum power (J x V) point 
of the J-V curve. The efficiency (ɳ) can then be calculated using Equation 5.7 below: 
 ɳ =
(𝐹𝐹 ×𝑉OC×𝐽SC)
𝑃in
       (5.7) 
where Pin is the incident power of 100 mW/m
2 (at AM 1.5). Figure 5-7a compares the 
polymer and liquid electrolyte DSSCs at a thickness of 4.4 µm. The Voc for the polymer 
electrolyte DSSC is 0.64 V, which is 36% higher than for the liquid cell of 0.47 V. On the 
other hand, Jsc for the polymer cell (1.86 mA/cm
2) is only 11% lower than the liquid cell 
(2.1 mA/cm2). However, the fill factor for the polymer cell is 25% higher. Therefore, 
despite the lower Jsc, the significantly higher Voc together with a higher FF yields a device 
efficiency that is 51 % higher for the polymer electrolyte cell compared to the liquid cell, 
as given in Table 5-2. To prove that this increase in FF and Voc was reproducible with the 
addition of PVP polymer electrolyte, a cell that was 2.7 µm in thickness was also 
fabricated. As seen in Figure 5-7b and Table 5-2, the two polymer electrolyte DSSCs with 
the two different TiO2 photoanode thicknesses have virtually the same Voc and FF. The 
lower short circuit current for the thinner photoanode is due to the smaller amount of 
adsorbed ruthenium dye, which leads to less light absorption and electron generation. 
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Figure 5-7. (a) Experimental (symbols) and model predicted (lines) J-V behavior for liquid 
(red) and crosslinked PVP polymer electrolyte (green) DSSCs with 4.4 µm thick TiO2 
photoanode. (b) J-V behavior of PVP polymer electrolyte DSSCs at two TiO2 photoanode 
thicknesses of 4.4 (green) and 2.7 µm (light green).  
Table 5-2. Experimental DSSC device characteristics. 
 
To better understand the effect that PVP chemistry has on the internal and 
interfacial processes occurring within a DSSC, first principles mathematical modeling was 
performed. Figure 5-7a compares the J-V curves predicted by the model (using the 
estimated parameters found in Table 5-3, and the “base-case” values described in Section 
2.6). By estimating (𝐸CB − 𝐸Redox
0 ), 𝑘e, 𝑅shunt, and 𝑅series, the entire J-V behavior of both 
the liquid and PVP polymer electrolyte DSSCs is well captured. As shown in Table 5-3, 
the difference between the TiO2 conduction band and standard redox potentials is lowest 
Electrolyte 
TiO2 
Thickness 
(µm) 
Voc 
(V) 
Jsc 
(mA/cm2) 
Fill  
Factor 
Efficiency 
(ɳ) 
Polymer 2.7 0.63 1.28 68 0.55 
Polymer 4.4 0.64 1.86 70 0.83 
Liquid 4.4 0.47 2.10 56 0.55 
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for the liquid electrolyte DSSC (0.87 eV) and much higher for the PVP DSSC (1.05 eV). 
As the open-circuit voltage increases from liquid to polymer, so does the estimated values 
of (𝐸CB − 𝐸Redox
0 ). This trend is expected because the open-circuit voltage of the cell is 
related to the difference between the Fermi energy level of TiO2 and the redox potential of 
the electrolyte. As the conduction band of TiO2 shifts to negative values relative to the 
normal hydrogen electrode (NHE) potential, so does the TiO2 Fermi level and this increases 
the open circuit voltage. The liquid electrolyte DSSC gave a recombination rate constant 
of 2.25×107 s-1, while the PVP electrolyte showed a recombination rate constant of 
3.38×107 s-1. Increasing the recombination rate constant is predicted to predominantly lead 
to a decrease in Jsc.
28 This is also expected because an increase in the recombination rate 
constant leads to fewer electrons in the TiO2 conduction band and reduces the electron flux 
at the anode, which lowers Jsc. So as the short-circuit current density decreases, the 
recombination rate constant correspondingly increases. Since the polymer electrolyte has 
1-order of magnitude slower ionic conductivity, it is feasible that the marginal decrease in 
Jsc is due to slower ionic diffusion. This reduced ionic diffusion would lead to enhanced 
recombination between electrons in the TiO2 conduction band and triiodide because of 
limited transport of triiodide to the counter electrode,236 leading to a higher concentration 
of triiodide closer to the TiO2 thereby promoting electron recombination. The estimated 
series resistance for the polymer and liquid electrolyte DSSCs were 27 and 26 Ω, 
respectively. This is nearly identical and is expected since our previous work has shown 
that replacing the liquid with a polymer electrolyte should not significantly add to the series 
resistance of the cell.37 However, the addition of PVP dramatically improves the shunt 
resistance. The PVP DSSC yielded a shunt resistance of 4150 Ω while that for the liquid 
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electrolyte was 835 Ω. The increase in shunt resistance can partially be ascribed to the 
polymer forming a barrier at the top of the TiO2 photoanode that effectively reduces 
shunting. Also, the fabricated DSSCs do not utilize a compact TiO2 block layer between 
FTO glass and the mesoporous TiO2 layer, so a polymer coating on the FTO surface and 
along the photoanode may further add in reducing shunting throughout the cell. Thus, a 
solid polymer electrolyte barrier is enough to minimize shunting within the DSSC and 
accounts for the improved FF. 
Table 5-3. DSSC device parameters estimated using the macroscopic DSSC 
mathematical model. 
 
 To understand the dramatic improvement in the open circuit voltage, it is important 
to understand how polymer chemistry can affect the TiO2 surface and interact with Li
+ (the 
counter ion of iodide). In liquid electrolyte DSSCs, it has been observed that as Li+ adsorbs 
onto the TiO2 surface, it alters the TiO2 surface charge and shifts its conduction band to 
more positive potentials.217-218 Using the cation-promoted electron injection model,217 the 
conduction band of TiO2 shifts positively with increasing Li
+ concentration at the TiO2 
surface. This positive shift therefore reduces the 𝑉oc of the cell. Our previous experimental 
and modelling work28, 37, 84 suggests that the carbonyl group has the ability to form 
complexes with Li+ ions, thus preventing the Li+ ions from being adsorbed onto the surface. 
This can explain why the PVP-based DSSC has a larger open circuit voltage. These 
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experimental results concur with previously reported results comparing poly(2-
hydroxyethyl methacrylate), which has similar chemical functionality with PVP and the 
crosslinker EGDA.37  
It should be noted that the cell efficiencies here, even for the liquid electrolyte 
DSSC, are lower than those for state-of-the-art DSSCs, which indicate our systems have 
not been fully optimized. For this work, we focused on demonstrating a proof-of-concept 
towards the integration of PVP into DSSCs and to experimentally and theoretically 
investigate any improvements in performance the PVP might potentially offer without 
optimizing the device (e.g. by including enhancements such as a blocking TiO2 layer, a 
scattering TiO2 layer, and doing a TiCl4 post-treatment). This DSSC study, which showed 
increases in both Voc and FF, is significant because of the large increase (51%) in cell 
efficiency. Our future DSSC work will focus on optimizing device architecture and 
components, such as optimizing the TiO2 layer thickness and the amount of PVP 
incorporated, adding a compact TiO2 layer between the FTO and the mesoporous TiO2 
photoanode to reduce back electron transfer that occurs on the FTO,221 adding a scattering 
layer of TiO2 to increase light harvesting,
222 and adding a TiCl4 post treatment on the TiO2 
layer, which is known to improve photocurrent.223 Here, we chose not to include these 
enhancements but to focus on isolating the effects of only the polymer on J-V behavior. 
5.4. Conclusions 
This works demonstrates that crosslinked PVP can be deposited via iCVD. By 
adjusting the fractional saturation ratio of the monomer to the crosslinker, the amount of 
crosslinker within the crosslinked polymer can be directly controlled, and a minimum ratio 
of 0.2:1 (EGDA:VP) is found to form an insoluble crosslinked film. Fineman-Ross 
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copolymer analysis suggested that VP and EGDA prefer to polymerize with VP than with 
EGDA, likely due to reduced steric hindrance. Crosslinked PVP was subsequently 
integrated within the TiO2 photoanode using iCVD, resulting in pore filling of the 
mesoporous TiO2 photoanode and improving the Voc, and fill factor by 37 and 25%, 
respectively. This led to a 51% improvement in conversion efficiency over the liquid 
electrolyte counterpart. Mathematical modeling was used to better understand how the PVP 
chemistry leads to this improvement and the modeling suggested two major enhancements. 
First, PVP lead to a higher shunt resistance (4150 Ω vs 835 Ω), which decreased shunting 
between the TiO2 photoanode and the platinized counter electrode. Second, PVP shifted 
negatively the conduction band of TiO2 by 0.18 eV (vs. NHE), thereby leading to the 
improvement in open circuit voltage.  
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Chapter 6. Oxidative Chemical Vapor Deposition of Polyaniline Thin Filmsv 
Chapters 2, 3, 4, and 5 highlighted how enhanced polymer-electrolyte DSSCs were 
designed and tested using iCVD and mathematical modeling. However, once electricity 
has been generated from solar energy, it must be economically stored and supercapacitors 
are an excellent energy storage device. As mentioned in the Chapter 1, the integration of 
ICPs within micro/mesoporous carbon electrodes of supercapacitors can dramatically 
improve the energy density; however, the integration is very challenging. To overcome this 
challenge, PEDOT, PT, and PPY have all previously been synthesized by oCVD. However, 
there is no report on the synthesis of PANI by oCVD. Therefore, this work fills in this 
knowledge gap, as a first step to developing oCVD PANI integrated supercapacitor 
electrodes. 
Here, PANI is synthesized via oCVD using aniline monomer and antimony 
pentachloride oxidant. Microscopy and spectroscopy indicate that oCVD processing 
conditions influence PANI film chemistry, oxidation, and doping level. FTIR, SEM, and 
XPS indicate that a substrate temperature of 90 °C is needed to minimize the formation of 
oligomers during polymerization. Lower substrate temperatures, such as 25 °C, lead to a 
film that mostly contains oligomers. Increasing the oxidant flowrate to nearly match the 
monomer flowrate favors the deposition of PANI in the emeraldine state, and varying the 
oxidant flowrate can directly influence the oxidation state of PANI. Changing the reactor 
pressure from 700 to 35 mtorr does not have a significant effect on the deposited film 
chemistry, indicating that the oCVD PANI process is not concentration dependent. This 
                                                 
v Adapted from Yuriy Y. Smolin, Masoud Soroush, Kenneth K. S. Lau. Beilstein Journal of Nanotechnology, 2017, Accepted. 
Oxidative Chemical Vapor Deposition of Polyaniline Thin Films. 
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work shows that oCVD can be used for depositing PANI and for effectively controlling the 
chemical state of PANI. 
6.1. Introduction 
ICPs have attracted considerable attention in recent years for their use in solar 
cells,28, 264-268 batteries,269 supercapacitors,270-274 sensors,275 biosensors,276 and 
microelectronics.277-278 As devices continue to decrease in size, the integration of 
conducting polymers within nanomaterials using conventional solvent-based methods 
becomes considerably more challenging due to the lack of solubility in common 
commercial solvents, which limits processability and leads to poor wettability. These 
challenges can be overcome with oCVD. oCVD is a single step, solvent-free 
polymerization and coating technique, which has previously been used to deposit thin and 
ultrathin conducting polymer films, including PPY, PT, and PEDOT, without the 
limitations of solvent-based techniques.168 The oCVD process provides better control over 
the deposition (such as film thickness, conformality, uniformity, morphology) than current 
solution-based techniques such as chemical bath deposition,149 electrodeposition,150 and 
casting from suspension.151 As a result, oCVD has garnered significant attention in recent 
years as an advantageous route for depositing conducting polymer thin films without the 
need of a solvent or a conductive substrate, which naturally makes the process amenable 
in a wide range of applications.168, 279 Other methods such as plasma-enhanced CVD 
(PECVD) have previously been used to make conformal and uniform polymer films. 
However, the high energies in PECVD of polymers often result in loss of functionality and 
degradation of a stoichiometric linear homopolymer.168 Laser-based techniques, such as 
pulsed laser deposition (PLD), matrix-assisted pulsed laser evaporation (MAPLE), and 
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laser-induced forward transfer (LIFT), have also been used to deposit polymer thin films.280 
However these laser based methods also often lead to polymer degradation or a reduction 
in molecular weight.281-283 Resonant infrared laser vapor deposition (RIR-LVP) has been 
used to deposit PEDOT but conductivity and morphology were highly dependent on the 
solvent matrix and the laser irradiation wavelength, and MAPLE led to a film that was 
electrically insulating.284 
Previous studies by Gleason and coworkers highlighted oCVD’s advantages in the 
conformal deposition of PEDOT films with tunable nanoporosity,285 and demonstrated 
PEDOT as a neutral hole-transporting polymer for enhancing solar cells efficiency and 
lifetime.286 oCVD PEDOT was also used to encapsulate flexible organic photovoltaics287 
and in the fabrication of organic photovoltaic circuits on unmodified paper.288 Likewise, 
our group demonstrated the utility of oCVD in the synthesis of PT and showed that polymer 
conjugation length and electrical conductivity can be tuned by adjusting the oCVD 
processing conditions.289 We further deposited ultrathin (4–6 nm) conformal and uniform 
PT coatings within porous nanostructures, including anodized aluminum oxide, 
mesoporous TiO2, and activated carbon; these oCVD PT coatings resulted in enhanced 
charge storage due to preservation of the surface area and pore space within the 
nanostructures.162 As a result, PT-coated carbon electrodes showed a 50% increase in 
specific capacitance and excellent cycle life even after 5,000 cycles due to the robust 
ultrathin coatings.162 In addition, our study on the copolymerization of thiophene and 
pyrrole via oCVD showed enhanced conductivity and stability of the copolymers.290 In 
view of experimental evidence that oCVD conducting polymers show favorable properties 
and can be easily processed, and that PANI has many advantages over PEDOT and PT, 
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including high theoretical capacitance (55% higher than PT), low monomer cost, better 
stability, and high electrical conductivity,142, 291 the deposition of PANI by oCVD is 
expected to open up new possibilities for significantly improving the performance and 
stability of energy storage devices along with other device classes such as sensors. 
  Therefore, this work aims to demonstrate the synthesis of PANI by the oCVD 
approach, in particular, to investigate systematically how oCVD processing variables 
influence PANI thin film deposition and chemistry. This processing knowledge is essential 
for oCVD PANI applications and for optimizing the performance of devices that use PANI 
coatings. Figure 6-1 shows the three basic oxidation states of PANI in the base (undoped) 
form. The fully reduced leucoemeraldine state, which is colorless, is composed fully of 
benzenoid groups (Figure 6-1a). At the other extreme, the fully oxidized pernigraniline 
state, is composed of all quinoid groups and produces a deep blue or violet color (Figure 
6-1c). In between, the partially oxidized emeraldine form is composed of a 1:1 ratio of 
benzenoid and quinoid groups, which appears as a vivid green (Figure 6-1b). This 
emeraldine state is desired from an electrochemical standpoint, because its electrical 
conductivity is 10 orders of magnitude greater compared with the other two states.292 
Therefore, this work addresses how oCVD can be operated to tune the deposition and 
chemistry of emeraldine PANI.  
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Figure 6-1. Chemical structure of the primary oxidation states of PANI in the undoped, 
base form. (a) Fully reduced leucoemeraldine PANI composed of benzenoid groups, (b) 
emeraldine PANI state composed of a 1:1 ratio of benzenoid and quinoid groups, and (c) 
fully oxidized pernigraniline PANI composed of quinoid groups. 
6.2. Experimental Methods 
6.2.1. oCVD Deposition of Polyaniline 
The oCVD process for PANI (Figure 6-2a) involves flowing vapors of the 
monomer (aniline) and the oxidant (antimony pentachloride, SbCl5) into the reactor 
continuously. Nitrogen gas is used as an inert carrier to help transport the oxidant and as a 
diluent to help control polymerization reactions. The monomer and oxidant are delivered 
in separate quarter-inch stainless-steel tubes to isolate the reactants prior to entering the 
reaction chamber and minimize polymerization and blockage in the gas delivery manifold 
system. Upon entry into the oCVD reaction chamber, the monomer and oxidant vapors 
adsorb onto the substrate surface and surface polymerize via a step-growth mechanism, 
which mimics the oxidative chemical polymerization used in solution-based processes to 
grow conducting polymers.168 
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Figure 6-2. (a) oCVD process highlighting important process parameters, including 
substrate temperature (Ts), feed flowrates (Fo, Fm, Fn), and reactor pressure (P), for the 
synthesis of PANI. (b) oCVD PANI deposited on quartz glass (1”×1”) showing the 
emeraldine (green) and pernigraniline (blue) states. The uncoated portion was masked by 
tape during deposition. 
Aniline (Sigma Aldrich, ACS reagents, >99.5%) and antimony pentachloride 
oxidant (Sigma Aldrich, 99%) were used as-received without further purification. Separate 
source vessels containing antimony pentachloride and aniline were heated to 60 °C to 
produce sufficient vapors that were metered into the oCVD reaction chamber using low-
flow precision metering valves (Swagelok). The “base-case” (BC) deposition conditions 
were used as a starting point to explore how processing conditions affected film chemistry 
(Table 6-1). It had a reactor pressure (P) of 700 mtorr, controlled using a downstream 
throttle value and a pressure controller. The monomer and oxidant flowrates (Fm and Fo, 
respectively) were set at 1 and 0.8 sccm (standard cm3 min-1), respectively. Nitrogen gas, 
maintained at a flowrate (Fn) of 1 sccm by a mass flow controller (MKS 1479A), was also 
sent through the oxidant line as a diluent. PANI films with a target thickness of 250 nm 
were deposited on silicon wafers and quartz glass substrates, which were placed on a stage 
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controlled at 90 °C (Ts) using backside contact with a recirculating thermal fluid (distilled 
H2O). 
Table 6-1. oCVD process conditions for PANI synthesis and deposition. 
 
oCVD processing conditions were then systematically varied from the base case, 
according to Table 6-1, to understand how they affect the resulting polymer film. First, the 
reactor pressure was varied from the base case of 700 mtorr to 35 mtorr (P series: BC, P1, 
P2). A lower reactor pressure should lead to more conformal deposition and polymerization 
given the greater mean free path and lower concentration. Second, the oxidant flowrate was 
varied from the base case of 0.8 sccm to 0.15 sccm (F series: BC, F1, F2) to investigate 
possible changes in the oxidization state and doping level of the PANI film due to the 
antimony pentachloride oxidant. In addition to the reactor pressure and oxidant flowrate 
series of runs, two additional conditions were carried out at a lower substrate temperature 
of 25 °C compared to their high temperature counterparts (LT series: LT-BC, LT-F1). The 
P = reactor pressure; Ts = substrate temperature; Fo, Fm, Fn = flowrates of the oxidant (antimony pentachloride), 
monomer (aniline), and nitrogen gas, respectively. 
Run P 
(mtorr) 
Ts 
(°C) 
Fo 
(sccm) 
Fm 
(sccm) 
Fn 
(sccm) 
Sample 
notation 
1 700 90 0.80 1 1 BC 
2 100 90 0.80 1 1 P1 
3 35 90 0.80 1 1 P2 
4 700 90 0.30 1 1 F1 
5 700 90 0.15 1 1 F2 
6 700 25 0.80 1 1 LT-BC  
7 700 25 0.30 1 1 LT-F1 
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decrease in the temperature may promote surface adsorption over reaction that can impact 
polymer growth, conjugation length, and chemistry. 
Besides looking at the as-deposited films, deposited samples were also soaked in 
tetrahydrofuran (THF >99.9%, Sigma-Aldrich) for 3 h and dried in a vacuum oven at 70 
°C for 14 h. The washing process has previously been used to improve film properties, 
such as conductivity and stability, and often results in a much smoother film surface.168 
Besides THF, methanol is a common solvent that is used in the washing process, and acid-
washing (e.g. HCl, HBr, H2SO4) has also been explored as a way to improve film 
conductivity by improving chain packing and increasing doping.293-294 The washed films 
were compared with their as-deposited counterparts to understand how soaking changes 
the oCVD PANI chemistry. Previous work on other oCVD conducting polymer films have 
shown that post-deposition rinsing improves film properties such as conductivity and 
stability by removing residual oxidant, short-chain oligomers, and unreacted monomer.168 
For example, Nejati et al.289 have shown that washing oCVD PT films removes the oxidant 
dopant and soluble portions of the film, which from UV-vis analysis was composed of 
short chain oligomers of five repeat units or shorter. Work on PEDOT hypothesizes that 
washing may also lead to tighter chain packing as evident by reduced degradation from 
water vapor and oxygen exposure.168, 293-296 Therefore, we expect that washing of the oCVD 
PANI films would remove the antimony pentachloride as well as any soluble oligomeric 
components that might lead to unfavorable electrochemical properties.  
6.2.2. Thin Film Characterization 
As-deposited and washed PANI films were analyzed by FTIR, XPS, and SEM. 
FTIR spectra were acquired using a Thermo Nicolet 6700 spectrometer in transmission 
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mode using an MCT/A detector at a resolution of 4 cm–1 and averaged over 128 scans. An 
FTIR spectrum of aniline monomer was also acquired in attenuated total reflectance (ATR) 
mode. Top-down SEM images were taken using a Zeiss Supra 50VP with the in lens 
detector at 15 kV and a working distance of 4 mm. The images, acquired using line 
integration with 7 repeats, were used to estimate film thicknesses. Prior to SEM imaging, 
samples were sputtered with Pt for 30 s. XPS analysis was conducted using a Physical 
Electronics VersaProbe 5000 with a micro-focused monochromatic scanned X-ray beam 
from an Al Kα X-ray source (1486 eV photons) at a spot size of 100 µm, 25 W, and 15 kV. 
High resolution C1s, N1s, Cl2p, and Sb3d spectra were recorded with a pass energy of 23.5 
eV and an energy step of 0.05 eV for a total of 512, 2048, 256, and 256 scans, respectively.  
6.3. Results and Discussion 
6.3.1. FTIR of As-Deposited oCVD PANI Films 
Based on the oCVD approach, uniform PANI film depositions were performed on 
quartz glass substrates, and as seen in Figure 6-2b, the deposited films can have a vivid 
green or deep blue color depending on the oCVD conditions. Qualitatively, the colors 
indicate that PANI in the emeraldine or pernigraniline state, respectively, was formed. To 
better understand how PANI film chemistry and properties can be influenced by oCVD 
deposition conditions, a series of deposition runs that systematically looked at some of the 
critical oCVD processing variables were carried out (Table 6-1). 
For the base case BC, as seen in Figure 6-3a (0.8 sccm in the F series) or Figure 
6-3b (700 mtorr in the P series), the FTIR spectrum has peaks that are indicative of the salt 
form of PANI (doped form, see XPS results below), suggesting that the oxidant dopes the 
PANI film that is formed. This simultaneous polymerization and doping has been observed 
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previously, for example, with the deposition of oCVD PT using vanadium oxytrichloride 
as the oxidant.289 As discussed in our previous oCVD PANI work,297 the polymerization 
and doping of polyaniline using oCVD are essentially analogous to chemical oxidative 
polymerization and acid doping using liquid processing. In the presence of an oxidizing 
agent, polymerization is believed to proceed via the formation of cation radicals and the 
electrophilic attack of an aniline monomer,298 while in tandem the polymer can be p-doped 
and charged-balanced with a counterion dopant like chloride.299 The PANI characteristic 
peaks are located at 3304, 3064, 1577, 1490, 1382, 1168, 821, and 516 cm-1. The 3304 and 
3000-3100 cm-1 peaks are assigned to NH and CH stretching, respectively, on the aromatic 
ring of PANI.300-302 The 1168 cm-1 peak is attributed to –NH+= stretching and in-plane CH 
vibrations that suggests the formation of PANI in the salt (doped) form.302-303 The 821 cm-
1 peak is typically assigned to out-of-plane CH vibrations303 that is consistent with high 
molecular weight PANI due to para-di-substitutions and confirms para-coupling of the 
constitutive aniline units.304-305 The quinoid and benzenoid peaks are at 1577 and 1490 cm-
1, respectively,306 while the 1382 cm-1 peak is specifically CN stretching in the quinoid 
region of the film. The presence of benzenoid and quinoid peaks implies that both amine 
(N–C) and imine (N=C) units exist within the polymer chains. From the ratio of the 1577 
to 1490 cm-1 peak intensities, it is possible to determine the oxidation state of the film.307 
For the as-deposited BC film, the ratio of the peak intensities is 1.77, which suggests that 
the deposited film is mostly composed of quinoid groups and close to the fully oxidized 
pernigraniline state, as also shown by the blue color of the film (Figure 6-2b).  
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Figure 6-3. FTIR of as-deposited oCVD PANI films based on the experimental conditions 
in Table 6-1. Effect of (a) reactor pressure, (b) oxidant flow rate, and (c) substrate 
temperature on oCVD PANI chemistry. The quinoid and benzenoid groups are labeled by 
* and δ, respectively.  
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For the F series, as the oxidant flowrate (Fo) decreases, there is not a significant 
change in the FTIR spectra of oCVD PANI until a flowrate of 0.15 sccm is used (Figure 
6-3a). First, the peak at 1579 cm-1 dramatically decreased from the higher Fo conditions. 
This signifies that there is less quinoid groups in the film and therefore the film is much 
less oxidized. This is expected because the oxidant flowrate is more than 5 times lower 
than the base case and therefore much less oxidant is available for oxidizing the PANI film. 
Second, the peaks of the lowest Fo condition (F2) also indicate that some of the film may 
contain oligomers. For instance, the peak at 1635 cm-1 can be assigned to NH scissoring 
vibrations of the aromatic amines308 characteristic of an oligomeric structure. Also, the 
peak at 1382 cm-1, which is the CN stretch in the quinoid structure, becomes nearly 
indistinguishable and so further confirms that the F2 film contains less quinoid rings. In 
contrast, the peaks at 749 and 688 cm-1, which correspond to CH out-of-plane bending and 
out-of-plane ring deformation, respectively, of mono-substituted phenylene rings304 
increase in intensity. These peaks are associated with oligomers of around four repeat units, 
and indicate that a portion of the film is likely composed of oligomers. In fact, if one looks 
at the monomer spectrum in Figure 6-3a, these peaks at 749 and 688 cm-1 are strong and 
very sharp. Also, the broadening of the quinoid and benzenoid ring bands signifies a larger 
distribution of various quinoid structures, which has been reported for aniline oligomers.309 
Therefore, for the deposition of PANI by oCVD, a sufficiently high oxidant/monomer 
flowrate ratio (>0.3 for the conditions studied here) is required to deposit a film with more 
oxidized and higher molecular weight PANI while a lower ratio leads to a film that likely 
contains soluble oligomeric components.  
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For the P series, as the reactor pressure (P) decreases from 700 to 35 mtorr (Figure 
6-3b) while maintaining a sufficient oxidant concentration, there is minimal change in the 
FTIR spectra. This indicates that the PANI chemistry is not very sensitive to pressure 
variations, at least when there is enough oxidant. Furthermore, with the deposition time 
held constant (5 min), the deposited film thickness and therefore the deposition kinetics 
did not change with pressure. Typically, lower reactor pressures would lead to slower 
kinetics. However, this does not seem to be the case for the oCVD parameter space studied 
here. Therefore, our conjecture is that the oCVD PANI process is not sensitive to reactant 
concentrations under these deposition conditions, and that the monomer and oxidant are 
most likely in excess to have any influence on deposition behavior.  
For the runs in which substrate temperature (Ts) was varied, their FTIR spectra can 
be compared, as shown in Figure 6-3c. For the LT-BC condition at 25 °C compared to BC 
at 90 °C (with both at the higher 0.8 sccm oxidant flow), there are several changes. First, 
the intensity of the 1580 cm-1 peak decreases, signifying proportionally fewer quinoid 
groups in the film and a lower oxidation state. Also, the peak at 1382 cm-1, assigned to CN 
stretching vibration in the quinoid region, is smaller, which further confirms that the LT-
BC film contains a smaller amount of quinoid groups. Previous work on oCVD PEDOT 
showed similar trends with a lower stage temperature yielding lower conjugation length 
and dopant incorporation.310-311 Interestingly, the LT-BC spectrum (25 °C, 0.8 sccm 
oxidant) is very similar to that of F2 (90 °C, 0.15 sccm oxidant), which is believed to have 
a lower oxidation state and an appreciable amount of oligomers. This suggests that a low 
substrate temperature has an equivalent effect to reducing the amount of oxidant, which 
may be the result of more favorable adsorption of short chain oligomers at lower 
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temperatures or slower kinetics at the surface. Further, for the LT-F1 condition, which is 
now at the low temperature of 25 °C as well as a lower oxidant flow of 0.3 sccm, the film 
loses most of the FTIR peaks associated with long chain PANI and appears to consist 
mostly of oligomers, which is supported by the peaks located at 1600, 1525, 1495, 1198, 
1030, 684, and 743 cm-1. Previous studies of aniline oligomers revealed that the aromatic 
ring peaks from 1590 to 1510 cm-1 are extremely sensitive to the oligomer chain structure 
and the relative intensity of the 1600 to 1525-1495 cm-1 peaks decreases with fewer quinoid 
rings in the chain.309 Therefore, the LT-F1 film likely does not have many quinoid 
structures. Furthermore, the same work showed that oligomeric films lead to ~10 cm-1 shift 
to higher wavenumbers for the benzenoid and quinoid peaks. Comparing LT-F1 to F1, we 
see a 5 and 23 cm-1 shift to higher wavenumbers for the benzenoid and quinoid peaks, 
supporting the hypothesis that a predominantly oligomeric film is formed. In fact, the LT-
F1 spectrum is very similar to oligomers that are 2-3 aniline repeat units long.309 This is 
also why the LT-F1 film is very similar to aniline monomer, although it is unlikely that the 
film contains any pure aniline since the monomer is sufficiently volatile under vacuum and 
most likely pumped out after lowering the reactor pressure to base pressure at the end of 
the deposition run.  
6.3.2. FTIR of Washed oCVD PANI Films 
Besides the as-deposited films, films were also soaked in THF after deposition and 
dried to investigate the effects of this post-deposition washing step. As mentioned, previous 
work on other oCVD polymers have shown improved electrochemical properties and 
stability with washing.168, 289 This has been attributed to the removal of oxidant and soluble 
oligomers from the films. The washed BC film, as seen in Figure 6-4a (0.8 sccm in the F 
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series) or Figure 6-4b (700 mtorr in the P series), is typical PANI in the base form, with 
peaks at 1588, 1510, 1315, 1160, 1035, and 824 cm-1. The reduction in peak intensity 
around 1160 cm-1 after washing as compared to the as-deposited BC film suggests a 
transition from the salt to the base form of PANI (see XPS results below). Furthermore, 
peak shifts between the as-deposited and washed BC films also indicate that the film 
transitions from the doped salt form to the undoped base form. For instance, the 865 and 
1160 cm-1 peaks of as-deposited BC have shifted by 30 and 54 cm-1, respectively, to higher 
wavenumbers in the washed film, and this indicates that the film has transitioned to the 
undoped base state.312 Work by Trchova et al.303 showed that only the base form of PANI 
contains a peak at ~1315 cm-1 (the acid doped form of PANI shifts this peak lower by 10 
cm-1), which is what is observed for the washed BC film. Similar to the as-deposited film, 
the peak at 825 cm-1 for the washed film is consistent with high molecular weight PANI 
due to para-di-substitution and suggests para-coupling of the chain units.304-305 The 
oxidation state can be derived from the relative intensities of the 1588 quinoid and 1510 
cm-1 benzenoid peaks, which for the washed film, gives a value of 0.87 and suggests that 
most of the washed BC polymer is in the emeraldine form. This makes oCVD a highly 
promising approach for a wide range of applications that can make use of the favorable 
properties of emeraldine PANI. The presence of emeraldine PANI is further supported by 
the green color of the washed PANI film (Figure 6-2b). In addition, previous oCVD PANI 
UV-vis measurements have also suggested the formation of emeraldine PANI.297 
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Figure 6-4. FTIR of washed oCVD PANI films based on the experimental conditions in 
Table 6-1. Effect of (a) reactor pressure, and (b) oxidant flow rate on oCVD PANI 
chemistry after washing. The quinoid and benzenoid groups are labeled by * and δ, 
respectively. 
The F series in Figure 6-4a shows washed films deposited under different oCVD 
operating conditions. As can be seen, similar to the FTIR spectra for the as-deposited films 
(Figure 6-3a), there is minimal influence of the oxidant flowrate down to 0.3 sccm. 
However, at the lowest oxidant flow rate of 0.15 sccm (washed F2 film), there is a lower 
peak intensity at 1588 cm-1, suggesting that the film is in the fully reduced leucoemeraldine 
state. Taking the ratio of the quinoid and benzenoid peak intensities leads to a ratio of 0.41, 
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suggesting that the film is primarily composed of benzenoid groups with a low 
concentration of quinoid groups. This is expected because, with the much lower oxidant 
flowrate, there is probably insufficient oxidant available for oxidative polymerization and 
doping, thus leading to a lower oxidation state of the film. Further, with washing, the film 
becomes dedoped. For the P series (Figure 6-4b), again similar to the as-deposited 
counterparts, there does not seem to be a major effect of reactor pressure on film chemistry. 
As discussed above, we hypothesize that this indicates that, in general, the oCVD PANI 
reaction is not pressure or concentration dependent based on the conditions studied. As for 
washing the lower substrate temperature films, LT-BC and LT-F1, it should be pointed out 
that both films completely dissolved in THF and therefore no FTIR of the washed films 
was possible. However, the ease of dissolution further supports our earlier conclusion that 
these conditions led to films that were primarily soluble oligomers.  
6.3.3. SEM and XPS of As-Deposited and Washed oCVD PANI Films 
Given that the base case condition (Table 6-1) seems to have yielded the preferred 
emeraldine PANI state, further studies were carried out on both the as-deposited and 
washed BC films to detail their film chemistry and structure. As shown in the top-down 
SEM images presented in Figure 6-5, the film morphology did not visibly change after 
washing. Zoomed-out SEM images in Appendix C also show a uniform film morphology 
before and after washing (Figure C-1). This qualitatively indicates that the BC film is 
stable and free of oligomers that would most likely alter film morphology if they were 
dissolved out of the film. Additionally, XPS was performed to understand more 
quantitatively the oxidation state and doping level of PANI before and after washing. The 
BC condition was chosen for analysis because our earlier FTIR findings indicated that high 
147 
 
 
substrate temperature, pressure, and oxidant flowrate are favorable for depositing PANI by 
oCVD. To investigate the presence of the antimony pentachloride oxidant before and after 
washing, high resolution Cl2p and Sb3d core level XPS spectra were obtained (Figure C-
2). From these spectra, the amount of Cl and Sb in the as-deposited film was 6.9 and 11.59 
at%, while after washing, these values decreased to 1.24 and 0.34 at%, representing a 
reduction of 82 and 97% reduction, respectively. This indicates that the doping level of the 
film significantly decreases after the washing process, and corroborates the FTIR finding 
that showed the BC film transition from the PANI salt to PANI base form when washed 
with THF.  
 
Figure 6-5. Top-down SEM of (a) as-deposited, and (b) THF-washed oCVD PANI films. 
Scale bar is 200 nm. 
Further XPS was done to obtain the high resolution N1s XPS spectra of the BC film 
before and after washing, as shown in Figure 6-6. For the as-deposited film, the N1s 
spectrum can be resolved into four unique nitrogen bonding environments, see Table 6-2. 
The resolved peak positions and FWHM values are very similar to what has been reported 
for PANI.313-316 The lowest binding energy state (N1) is a neutral imine (–N=) and comes 
from the base form of the emeraldine and pernigraniline structure of PANI (Figure 6-1). 
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This peak is associated with the quinoid groups. The next state up (N2) is the neutral amine 
(–NH–), which is found in the base form of the leucoemeraldine and emeraldine states. It 
is associated with the benzenoid groups. The third higher energy nitrogen state (N3) is a 
cation radical amine state and comes most likely from the acid form of the emeraldine state. 
Finally, the fourth and highest-energy state (N4) can be attributed to a cation amine state, 
which comes from the salt form of PANI. From the resolved peak analysis, the relative 
amounts of N1, N2, N3, and N4 are 65.5, 21.5, 11.1, and 2.2 at%, respectively (Table 6-
2). In addition, by considering the intensity ratio of (N1+N3+N4)/Ntotal, it is possible to 
determine the oxidation state of the as-deposited BC film, for example, a value of 0.5 
indicates emeraldine PANI. For the as-deposited BC film, a ratio of 0.79 corresponds to a 
film that is ~80% oxidized. This indicates that the film has a higher concentration of 
quinoid groups and therefore is highly oxidized. This validates the FTIR results which give 
the same conclusion. Upon washing, the resolved N1s spectrum shows the relative 
proportions of N1, N2, N3, and N4 are 34.2, 50.4, 15.4, and 0 at%, respectively (Table 6-
2). The most obvious change is the disappearance of N4. Since this aligns with the dramatic 
reduction in the antimony and chlorine dopant levels after washing and given N4 is a doped 
cation, this indicates that this state is formed as a result of the oxidant simultaneously 
enabling polymerization and doping of the growing PANI film. Similar to the as-deposited 
film, the oxidation state of the washed BC film can be determined by taking the ratio of 
(N1+N3)/Ntotal. For the washed BC film, this ratio is 0.49, which is very close to the 
theoretical value of 0.5 for PANI in the emeraldine form. This corroborates the FTIR 
results, which suggested the emeraldine state of the washed BC film. 
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Figure 6-6. High-resolution C1s and N1s XPS spectra of as-deposited (left) and washed 
(right) oCVD PANI films. The resolved nitrogen bonding environments are assigned to 
non-equivalent nitrogen groups in PANI that are color-coordinated to the XPS spectra. 
Table 6-2. Resolved peak data from N1s and C1s XPS spectra of as-deposited and washed 
oCVD PANI films (BC condition). 
 
 N1  N2 N3 N4 C1 C2 C3 C4 
As-Deposited      
Binding 
Energy (eV) 
398.5 399.4 400.4 402.0  284.5 285.3 286.1 286.8 
Atomic % 65.2 21.5 11.1 2.2 58.0 29.6 8.5 3.9 
Washed      
Binding 
Energy (eV) 
398.7 399.3 400.4 -- 284.5 285.3 286.0 -- 
Atomic % 34.2 50.4 15.4 -- 63.2 30.5 6.3 -- 
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Likewise, XPS was carried out to obtain the high resolution C1s XPS spectra of as-
deposited and washed BC films, as seen in Figure 6-6. The carbon signal for the as-
deposited BC film can be resolved into four bonding environments, see Table 6-2. The 
lowest binding energy state (C1) corresponds to the C–C and C–H bonds, which for PANI, 
is due to the =CH– group.317 The second lowest energy state (C2) can be assigned to neutral 
C–N bonds, which for PANI are those of N1 and N2, corresponding to the carbons bonded 
to neutral amine and imine nitrogens. The third, higher energy state (C3) is the carbon that 
is bound to the cation radical nitrogen (N3), while the highest energy state (C4) is given to 
a carbon bound to the cation nitrogen (N4). From Table 6-2, the atomic fractions of C1, 
C2, C3, and C4 for the as-deposited BC film are 58.0, 29.6, 8.5, and 3.9%, respectively, 
while after washing, the proportions become 34.2, 50.4, 15.4, and 0 %, respectively. Again, 
the loss of the C4 peak can be attributed to the removal of the dopant due to the washing 
process. Based on XPS work with electrodeposited PANI, Kumar and coworkers316-317 
stated that the resolved carbon peaks can be used to determine if PANI contains only para-
coupling of the repeat unit. Specifically, if the intensity ratio of C1/(C2+C3+C4) is equal 
to 2, only para-coupling takes place within the ring. For our case here, the ratio is 1.4 and 
1.7, respectively, for the as-deposited and washed BC films. The washed film is close to 2, 
which indicates primarily para-coupling. A ratio much lower than 2 suggests that there 
could be further ortho-coupling in addition to para-coupling of the aniline ring.316-317 These 
structures seem to be removed with washing and could be related to less stable oligomer 
units. 
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6.4. Conclusions 
The oCVD process provides a viable approach for a one-step synthesis and 
deposition of PANI thin films using aniline monomer and antimony pentachloride oxidant. 
By carefully adjusting oCVD processing parameters, emeraldine PANI with its more 
desirable electrochemical properties can be formed. By varying the processing conditions, 
the oxidation level, doping concentration, and film chemistry, as determined by 
spectroscopy, could be controlled. Specifically, a high substrate temperature (90 °C) and a 
nearly equimolar ratio of monomer-to-oxidant feed flow rates that provides sufficient 
amount of oxidant is needed to produce PANI in the emeraldine state. This optimal oCVD 
condition has been shown to have superb electrochemical performance.297 Lowering the 
substrate temperature to 25 °C or reducing the oxidant flowrate below 0.3 sccm leads to 
predominantly an oligomeric film. However, changing reactor pressure does not have any 
appreciable effect of the film chemistry. By washing oCVD PANI films with THF, which 
acts also as a dopant, soluble oligomer components can be removed effectively. This work, 
for the first time, identified synthesis conditions suitable for making PANI via oCVD, and 
revealed the influence of different processing parameters on film chemistry. The ability to 
use oCVD to produce emeraldine PANI is expected to open up new areas and applications, 
particularly in the field of electrochemical energy storage, which can benefit from the 
integration of thin PANI films without the issues of liquid processing. 
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Chapter 7. Influence of oCVD Polyaniline Film Chemistry in Carbon-Based 
Supercapacitorsvi 
Chapter 6 investigated how oCVD processing conditions impacted PANI film 
chemistry using spectroscopy. Would these spectroscopic chemistry trends be supported 
electrochemically? This works answers this question. Until this work, there was no 
systematic investigation on how oCVD processing conditions impacted PANI 
electrochemical performance or how oCVD conditions could be controlled to facilitate 
integration PANI within a porous carbon electrode.  
So here, PANI is integrated into Mo2C CDC electrodes using the single-step, 
solvent-free process of oCVD. By optimizing the oCVD processing conditions, CDC 
electrodes integrated with oCVD PANI exhibits more than double the gravimetric 
capacitance (115 F/g) vs bare CDC electrodes (52 F/g) and a 79% capacity retention after 
over 10,000 cycles. The oxidant flowrate, substrate temperature, and reactor pressure were 
varied, and their influence on film chemistry and supercapacitor performance was explored 
electrochemically and with FTIR and XPS. The study reveals that a higher substrate 
temperature, pressure, and oxidant flowrate are critical for depositing emeraldine PANI for 
optimal electrochemical performance. Interestingly, the optimally performing PANI-CDC 
devices have a porous PANI morphology as determined by SEM, which may facilitate ion 
transport, improve scan rate performance, and impart electric double layer capacitance in 
addition to the intrinsic faradaic pseudocapacitance. 
                                                 
vi Adapted from Yuriy Y. Smolin, Masoud Soroush, Kenneth K. S. Lau. Industrial & Engineering Chemistry, 2017, 56, 6221-
6228. Influence of oCVD Polyaniline Film Chemistry in Carbon-Based Supercapacitors.  
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7.1. Introduction 
Carbon-based electrochemical double layer capacitors, also known as 
supercapacitors, are a promising energy storage device due to their low weight, low cost, 
and fast charge/discharge kinetics.135 Supercapacitors have been used in many applications 
such as electric vehicles, uninterruptible power supplies, DC power systems, wearable 
electronics, and mobile devices.136-137 When compared to batteries, supercapacitors have 
several advantages such as 10–100 times greater power density, higher rate capability, and 
excellent cyclability even after millions of cycles.126, 134-135 However, most supercapacitors 
only have 10% the energy density of batteries.134 To improve the energy density of 
supercapacitors, composite devices have been proposed, which integrate a 
pseudocapacitive material such as conducting polymers into a carbon electrode, thereby 
synergistically combining faradaic and capacitive storage mechanisms.126, 138 
This approach has attracted considerable attention in recent years to increase the 
energy density of supercapacitors. Integrating conducting polymers onto carbon nanotubes, 
conductive carbons, and in-between graphene and MXene layers have all shown improved 
device performance.143-145 However, as electrode designs become more complex and 
continue to shrink to smaller length scales (i.e., nanoscale), the integration of conducting 
polymers becomes more challenging due to de-wetting, and non-uniform and non-
conformal deposition. This is especially true using traditional solvent-based deposition 
processes such as chemical bath deposition,149 electrodeposition,150 and solvent casting.151 
Control of solvent chemistry and properties become critical and might sometimes not be 
able to achieve conformal and uniform coatings. Conducting polymers deposited onto 
carbon electrodes using these methods often lead to composite devices with higher energy 
density (from the faradaic redox reactions of the polymers) but at the expense of reduced 
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rate capability and poor cycle life. These drawbacks are often due to a thick polymer film, 
which impedes ion transport and degrades mechanically due to large expansions and 
contractions upon charge and discharge.128, 142, 146-148 Moreover, solvent-based coating 
techniques often do not preserve the electrode surface area, which reduces the double layer 
capacitance contribution and leads to sub-optimal performance.  
To overcome the disadvantages of poor rate capability, loss of EDLC and poor 
cyclability, this work utilizes oCVD168 as a single-step, solvent-free polymerization and 
coating technique to integrate ultrathin PANI films into porous carbon electrodes. As 
shown in Figure 7-1, the oCVD process involves flowing monomer and oxidant vapors, 
aniline and antimony pentachloride, respectively, into the reaction chamber. These vapors 
adsorb onto the carbon electrode surface and the oxidant initiates oxidative step-growth 
polymerization168, 289 as well as simultaneously dopes the growing polymer film.162, 279 To 
control the deposition process, the substrate temperature (Ts), reactor pressure (P), and 
oxidant, monomer and N2 flowrates (Fo, Fm, Fn) are precisely regulated. We have 
previously demonstrated oCVD’s ability to integrate conformal and uniform ultrathin 
(down to 4 nm) films of PT into porous nanostructures of anodized aluminum oxide, 
titanium dioxide, and carbon-based electrodes.162 By preserving the surface area and pore 
spacing of the carbon electrode, the PT-integrated carbon electrodes exhibited 50% 
increase in gravimetric capacitance and 90% capacity retention after 5,000 charge-
discharge cycles. Work by the Gleason group has also demonstrated the utility of oCVD to 
conformally integrate PEDOT on aligned carbon nanotubes and graphene flakes for energy 
storage, demonstrating improved charge storage and stability.143, 172-174 oCVD has also 
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emerged as an excellent tool to integrate thin and ultrathin (1–10 nm) polymer films within 
other 3D devices such as batteries, solar cells, and sensors.28, 175 
 
Figure 7-1. oCVD process for depositing PANI into the pores of a carbon electrode, 
showing key process parameters, including substrate temperature (Ts), gas species 
flowrates (Fm, Fo, Fn), and reactor pressure (P).  
Despite previous work, which has shown oCVD as a viable technique to deposit 
PPY, PT, and PEDOT,175 there has been only been limited work on oCVD PANI to date. 
Among conducting polymers, PANI is ideally suited for supercapacitors due to its high 
theoretical capacitance (750 F/g), which is more than double that of PT and three times 
higher than most bare carbon electrodes (250 F/g).142 PANI also has high electrical 
conductivity and greater stability, and can be made with an inexpensive monomer. 
Recently, we successfully showed the polymerization of PANI by the oCVD approach,318 
and provided an initial demonstration of enhanced energy storage of carbon 
supercapacitors coated with oCVD PANI.319 However, the question of how oCVD PANI 
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film chemistry influences supercapacitor performance remains to be addressed. This 
understanding will aid in optimizing the oCVD PANI film chemistry for enhancing carbon-
based supercapacitors as well as provide insight on the influence of PANI properties on 
charge storage. Therefore, this work systematically investigates the effect of oCVD 
processing conditions on supercapacitor performance of CDC electrodes, as a model 
system, as a result of changes in PANI film chemistry and morphology. 
7.2. Experimental Methods 
7.2.1. Fabrication of CDC Electrodes 
Porous Mo2C carbide-derived carbon (CDC) electrodes were fabricated from a 
molybdenum carbide precursor.320-321 By controlling the synthesis temperature (800 °C), 
these electrodes had a controlled bimodal pore size distribution (pore widths of 0.81, 1.68, 
3.38 nm) and a specific surface area of 530 m2/g.320 With a mix of micro- and meso-
porosity, the Mo2C-CDC electrode was used as a model system to test and optimize the 
oCVD processing conditions for integrating PANI.321 To make free-standing electrodes, 
the carbon powder was mixed with 5 wt% PTFE binder and subsequently rolled to a 
thickness of ~100 µm using a Durston rolling mill (UK). 
7.2.2. oCVD PANI Polymerization 
To deposit PANI using oCVD, separate source jars containing aniline (Sigma 
Aldrich, ACS reagents, >99.5%) and antimony pentachloride oxidant (Sigma Aldrich, 
99%) were heated to 60 °C to produce vapors, which were delivered into the oCVD reactor 
using precision metering valves (Swagelok). The monomer and oxidant were separately 
introduced to minimize polymerization in the gas delivery manifold. To carry the oxidant 
into the reactor, nitrogen gas was additionally metered through the oxidant line using a 
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mass flow controller (MKS Instruments). The deposition substrate (silicon, CDC electrode) 
was placed on a stage contacted on the backside with a thermal fluid recirculating in a 
heater/cooler (Thermo Electron RTE-7). Pressure in the reactor was measured with a 
Baratron capacitance pressure gauge (MKS Instruments) and automatically maintained at 
a prescribed setpoint using a pressure controller (MKS Instruments) connected to a 
downstream throttle valve (MKS Instruments). Figure 7-1 shows the key oCVD 
processing parameters: substrate temperature (Ts), reactor pressure (P), and oxidant and 
monomer flowrates (Fo and Fm, respectively). 
Table 7-1. Processing studies of oCVD PANI 
 
Our aim was to investigate how each of the oCVD process conditions influenced 
deposition behavior, film chemistry and electrochemical performance of oCVD PANI 
supercapacitors. Table 7-1 summarizes the reaction conditions explored in this work. The 
first condition, known as the base case (BC), had a monomer and oxidant flowrate of 1 and 
0.8 sccm (standard cm3 min-1), respectively, nitrogen gas flowrate of 1 sccm, reactor 
pressure of 700 mtorr, and a substrate temperature of 90 °C. From the base case BC 
Run P 
(mtorr) 
Ts 
(°C) 
Fo 
(sccm) 
Fm 
(sccm) 
Fn 
(sccm) 
τrxn 
(min) 
BC 700 90 0.8 1 1 4 
Low-T 700 25 0.8 1 1 1 
Low-P 35 90 0.8 1 1 0.67 
Low-O 700 90 0.15 1 1 37 
P = reactor pressure; Ts = substrate temperature; Fo, Fm, Fn = flowrates of the oxidant (antimony 
pentachloride), monomer (aniline), and nitrogen gas, respectively; τrxn = reaction time. 
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condition, three other main cases were explored and are highlighted here: substrate 
temperature was decreased to 25 °C for the low-T condition; reactor pressure was lowered 
to 35 mtorr for the low-P condition; and oxidant flowrate was reduced to 0.15 sccm for the 
low-O condition. Based on previous oCVD work of PEDOT, higher substrate temperatures 
yielded higher quality films with greater polymer conjugation length and doping that 
improved film electrical conductivity.310-311 Here with PANI, the situation requires more 
care. As shown in Figure 7-2, PANI can exist in three primary oxidation states: fully 
reduced leucoemeraldine, semi-oxidized emeraldine, and fully oxidized pernigraniline. 
Out of the three states, the intermediate emeraldine state is the one with the higher electrical 
conductivity and one that is preferred for supercapacitor applications. We further 
hypothesize that the reactor pressure and amount of oxidant relative to the monomer would 
influence polymerization behavior and polymer properties such as the oxidation state. 
Therefore, a search and optimization of these oCVD conditions were carried out to 
understand the impact of PANI film chemistry on supercapacitor performance. 
 
Figure 7-2. Chemical structure of primary oxidation states of PANI in the base, undoped 
form. (a) Fully reduced leucoemeraldine PANI composed of benzenoid groups, (b) fully 
oxidized pernigraniline PANI composed of quinoid groups, and (c) emeraldine PANI 
composed of a 1:1 ratio of benzenoid and quinoid groups. 
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7.2.3. oCVD PANI Integration and Electrochemical Testing of CDC Electrodes 
CDC electrodes were placed on the temperature-controlled reactor stage and oCVD 
was performed to deposit PANI following the conditions given in Table 7-1. The reaction 
time was varied between processing conditions to have a consistent PANI loading on the 
CDC electrode (~15%), see Appendix D, Table D-1. The reaction time reported in Table 
7-1 together with the mass loading in Table D-1 provide an indication of the PANI growth 
rate, which is on the order of 1–10 mg/min. After PANI deposition, the coated CDC 
samples were soaked for 3 h in tetrahydrofuran (THF >99.9%, Sigma-Aldrich) and 
subsequently dried for 14 h in a vacuum oven at 70 °C. This routine washing step was 
carried out for all samples to remove the oxidant and dopant, antimony pentachloride, as 
well as soluble short chain oligomers from the as-deposited PANI films. To elucidate 
morphology, scanning electron microscopy (SEM) was performed on bare and PANI-
coated CDCs using a Zeiss Supra 50VP at a 4 mm working distance, with the in-lens 
detector at 15 kV, and by applying line integration with 7 repeats. Samples were sputtered 
with Pt for 30 s prior to SEM imaging. 
The PANI-coated CDC electrodes were punched down to an electrode diameter of 
9 mm and assembled into a Swagelok device in a standard three-electrode configuration. 
The counter electrode was a larger, over-capacitive activated carbon electrode while the 
reference electrode was Ag/AgCl saturated in KCl. To decrease contact resistance between 
the electrodes and stainless steel rods, platinum current collectors were used. Sandwiched 
between the two electrodes were two layers of porous separator (Celgard) filled with 1 M 
H2SO4 (in deionized water) electrolyte. Cyclic voltammetry (CV) and galvanostatic 
cycling were conducted using a VMP3 potentiostat/galvanostat (BioLogic) to characterize 
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the resulting supercapacitor devices based on the different washed oCVD PANI films from 
Table 7-1. In addition, CDC using oCVD PANI from the BC condition with the routine 
THF washing was compared to that without the post-deposition washing to investigate the 
effects of washing on electrochemical behavior. Similarly, supercapacitors integrated with 
oCVD PANI were also compared with bare CDC devices. 
7.2.4. oCVD PANI Compositional Analysis 
Further characterization was performed on oCVD PANI films deposited on silicon 
substrates to facilitate compositional analysis by FTIR and XPS. Transmission FTIR 
spectra were acquired with a Thermo Nicolet 6700 spectrometer using an MCT/A detector 
at a resolution of 4 cm–1 and averaged over 128 scans. XPS was done on a Physical 
Electronics VersaProbe 5000 using a micro-focused monochromatic scanned X-ray beam 
from an Al Kα X-ray source (1486 eV) with a 100 µm spot size, and at 25 W and 15 kV. 
High resolution N1s, Cl2p, and Sb3d spectra were acquired using 23.5 eV pass energy and 
0.05 eV energy step for a total of 2048, 256, and 256 scans, respectively.  
7.3. Results and Discussion 
7.3.1. oCVD PANI-CDC Electrochemical Performance 
To understand how oCVD processing impacted supercapacitor performance, PANI 
was integrated at different oCVD conditions (Table 7-1) into CDC electrodes and 
electrochemically tested. Typically, oCVD PANI films are washed after deposition but to 
first investigate the influence of THF washing on resulting device behavior, CV 
measurements at 20 mV/s were made on supercapacitors integrated with oCVD PANI 
using the base case condition with (BC) and without washing (BC-unwashed), see Figure 
7-3a. Previous work on other oCVD conducting polymers have shown that post-deposition 
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washing can improve film properties such as conductivity and stability,293-295 as well as 
make the film more resistant to atmospheric degradation that has been attributed to tighter 
chain packing.168, 296 Nejati et al.289 have shown, using UV-vis, that washing oCVD PT 
films removes the oxidant and soluble portions of the film composed of short chain 
oligomers of five repeat units or shorter. The BC-unwashed device shows redox peaks 
associated with the Faradaic oxidation and reduction of PANI.136 If we remove the 
contributions of the redox peaks from the BC-unwashed plot, the shape of the CV is very 
similar to bare (uncoated) CDC also provided in Figure 7-3a. This is to be expected since 
PANI only adds the pseudocapacitive peaks. However, for the CV of BC with the normal 
THF washing, while the redox peaks of PANI are still present, there is now an increase in 
the CV envelope throughout the entire voltage window. This is rather unexpected since 
this suggests that PANI somehow increases the overall electric double layer capacitance 
(EDLC) in addition to adding pseudocapacitance.  
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Figure 7-3. Electrochemical measurements of oCVD PANI CDC supercapacitors, 
comparing the effect of THF washing (top) and the effect of oCVD processing conditions 
(bottom). (a,b) Cyclic voltammograms at 20 mV/s, (c,d) scan rate dependence, and (e,f) 
cycle life (at 20 mV/s) of oCVD PANI, respectively, before and after washing at the BC 
condition, and deposited at the Low-O, Low-P, Low-T, and BC conditions, see Table 7-1. 
Bare, uncoated CDC served as a control. 
Now focusing on the CV behavior at 20 mV/s of CDC devices integrated with 
PANI films from various oCVD conditions, see Figure 7-3b. All the PANI-coated CDC 
electrodes again show the PANI redox peaks.136 Going from low-O, low-P, low-T to BC, 
the redox peaks increase in intensity. We strived to achieve roughly the same PANI loading 
of ~15 wt% (of the final PANI-CDC electrode weight) for all samples (13.6, 14.8, 17.9 and 
15.0% for BC, low-T, low-P and low-O, respectively), see also Appendix D, Table D-1, 
so the changes in intensity cannot really be explained by differences in the amount of PANI 
incorporated. In fact, based on the PANI wt% loading alone, the BC condition should have 
the lowest charge storage, which is not the case here. Changes in peak intensity could come 
from changes in film chemistry and morphology with different oCVD PANI synthesis 
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conditions. Likewise, from Figure 7-3b, there is an increase in the EDLC envelope of the 
PANI-integrated devices in the order of low-O, low-P, low-T, and BC. Since these films 
have been washed with THF, the washing process likely contributed in some way to the 
higher EDLC. In addition, these results indicate that oCVD PANI deposition at higher 
substrate temperature, pressure, and oxidant flowrate leads to more favorable PANI 
properties.  
Further tests were carried out to evaluate the electrochemical performance at 
different scan rates from 2 to 500 mV/s, as shown in Figures 7-3c and 7-3d. For all oCVD 
processing conditions studied, the CDC devices with oCVD PANI gave higher capacitance 
values compared to the uncoated, bare CDC counterpart. In many cases, the capacitance 
has more than doubled. Based on the actual CV data, these improvements can be attributed 
to the addition of the Faradaic contribution of PANI, although there is also an enhanced 
EDLC component. These improvements are even present at a high scan rate of 500 mV/s. 
If we were to compare more closely the different sets of data, washing again enhanced 
capacitance at all scan rates. With washed films at different oCVD deposition conditions, 
capacitance increased in the order of low-O, low-P, low-T, and BC for the most part. The 
BC condition, which yields the highest capacitance, gives a PANI-only gravimetric 
capacitance of 526 F/g (at 10 mV/s) that is close to the theoretical limit of 750 F/g.142 From 
Figures 3c and 3d, capacity generally fades with higher scan rates in all cases that includes 
the bare CDC. This is to be expected since the shorter timescale at a higher rate limits the 
full penetration of electrolyte ions. However, capacity fade is slower, particularly for the 
BC condition, when compared with bare CDC or with the unwashed BC case. This suggests 
that electrolyte ions are less impeded with the BC PANI film. 
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In terms of cycle life, as shown in Figures 7-3e and 7-3f, all the washed films have 
excellent capacitance retention at least up to the 10,000 cycles that were performed. The 
capacity retention for BC, Low-P, Low-O was 79, 89, and 93%, respectively, while the 
capacity of Low-T actually increased slightly with cycling. With all these cases, such high 
cycling stability may be due in part to the ultrathin oCVD coatings, which do not swell and 
contract appreciably during cycling. In contrast, typical conducting polymer coatings are 
thicker, with significant swelling and contraction that leads to mechanical failure and 
device degradation by 1,000 cycles.142 For example, electrodeposited PANI films on 
carbonized polyacrylonitrile aerogel electrodes lost 15.3% of the initial capacitance after 
only 200 cycles.322 Our films show an initial degradation within the first few cycles, but 
then show excellent capacity retention. However, with BC-unwashed PANI, capacity 
decayed with cycling down to 70% of its initial value.  
7.3.2. oCVD PANI Film Chemistry and Morphology 
We hypothesize that the differences in electrochemical behavior of the CDC 
electrodes are a result of differences in oCVD PANI film chemistry and morphology. 
Figure 7-4 shows the electrode morphology of bare CDC and coated with oCVD PANI at 
different processing conditions. The oCVD PANI coating has been shown to deposit 
throughout the CDC electrode.28 Focusing first on the effect of THF washing, the 
electrochemical data show washing improved capacitance as well as capacitance retention 
with scan rate and cycling. CV data in particular show that washing increased the CV 
envelope. SEM of the oCVD PANI coatings before (BC-unwashed) and after washing 
(BC), see Figure 7-4, reveal that washing produced a porous morphology in the BC film 
with an average pore diameter of 12.2 ±15.7 nm (as determined by ImageJ), with pores 
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between 5–40 nm in diameter. This porous morphology was present throughout the BC 
film. In contrast, the BC-unwashed film is smoother with none of these openings, and this 
film appears to connect across CDC grains when compared with the bare CDC electrode. 
The formation of the pores after washing most likely increased electrode surface area, and 
may explain the increase in the CV envelope in upon washing, since EDLC relies on 
physical electrostatic interactions that scale with the electrode-electrolyte interfacial area.  
 
Figure 7-4. Top-down SEM images of (a) bare CDC, and CDC coated with oCVD PANI 
at the conditions: (b) BC-unwashed, (c) BC, (d) Low-O, (e) Low-P, and (f) Low-T, see 
Table 7-1. Scale bar = 2 µm, inset = 400 nm. 
This argument is further corroborated by looking at the electrode morphologies 
with various oCVD PANI deposition conditions in Figure 7-4. Film surface roughness 
increases in the order of Low-O, Low-P, Low-T, and BC, with BC clearly showing the 
most prominent porous morphology. This aligns with the observed increase in the EDLC 
contribution to the CV envelope of these electrodes in the same order. Besides explaining 
the source of the EDLC contribution in oCVD PANI, the increase in surface roughness and 
the appearance of the porous morphology seen in Figure 7-4 can also help with 
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understanding the scan rate improvement and capacity fade slowdown. The pores can 
facilitate ion movement during charge and discharge that otherwise would be impeded with 
smoother PANI films. Both the BC, Low-T, and Low-P films have rougher morphologies 
and pores that slow down capacity fade. In contrast, the Low-O and BC-unwashed films 
have much smoother surfaces that see a faster capacity fade as scan rate increased. Thus, 
the capacity fade trends seem to align well with the observed morphology trends. 
To further rationalize the observed electrochemical behavior, oCVD PANI film 
chemistry was elucidated through FTIR. The films were deposited on silicon to facilitate 
FTIR analysis and FTIR spectra based on the different processing conditions are given in 
Figure 7-5. Again, first focusing on the effect of washing, the spectra of the as-deposited 
(BC-unwashed) and washed (BC) films are strikingly different. The as-deposited BC-
unwashed spectrum has peaks at 3304, 3064, 1577, 1490, and 1168, cm-1 that suggests 
PANI is primarily in the salt (doped) form of the fully oxidized pernigraniline state.318 For 
instance, the 3304 and 3064 cm-1 peaks are attributed to –NH+= stretching and C–H 
stretching of the aromatic ring, respectively, for PANI salt.302 Furthermore, the 1168 cm-1 
peak is attributed to –NH+= stretching and in-plane C–H vibrations that suggests the 
formation of PANI in the salt (doped) form.302-303 The 1577 and 1490 cm-1 peaks are due 
to quinoid and benzenoid groups, respectively, and their positions correspond to doped 
PANI.303 Furthermore, by taking the ratio of the 1577 to 1490 cm-1 peak intensities, it is 
possible to estimate the oxidation state of the polymer.307 For the unwashed BC film, this 
value is 1.77 which indicates that the film is primarily composed of quinoid groups, 
indicating that the film is mostly in the pernigraniline state. Therefore, antimony 
pentachloride, besides acting as the oxidant in the oxidative polymerization of PANI during 
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oCVD, most likely dopes the growing PANI film as well. Our previous work on oCVD PT 
has also shown that the oxidant can dope the film.162, 289 Upon washing, the BC spectrum 
indicates that PANI has reduced to the base (undoped) form of the semi-oxidized 
emeraldine state.318 The washed BC film quinoid and benzenoid peaks have blue-shifted 
to 1588 and 1510 cm-1, respectively, indicating a transition from the salt (doped) to the 
base (undoped) form.303 Furthermore, taking the intensity ratio of the 1588 to 1510 cm-1 
peaks leads to a value of 0.87, suggesting mostly the emeraldine state. Previous reports on 
other oCVD conducting polymers have also demonstrated this dedoping phenomenon with 
the removal of oxidant from the polymer.310, 323-324 Compared to the pernigraniline state, 
the emeraldine state provides greater electrical conductivity and stability, which may 
explain why the BC case is superior in capacitance, retention, and cyclability compared to 
the BC-unwashed case.  
 
 
Figure 7-5. FTIR of oCVD PANI films based on the conditions shown in Table 7-1. 
Washed films at various oCVD conditions (top panel), and unwashed BC (bottom panel).  
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Now looking at the influence of oCVD synthesis conditions on film chemistry, the 
FTIR spectra of Low-P and Low-O show that the 1588 cm-1 peak, assigned to the oxidized 
quinoid, is smaller compared to that of BC. This suggests that a lower reactor pressure or 
oxidant flowrate during oCVD produced a less oxidized film,318 which is reasonable given 
the lower oxidant concentration in either case for polymerization and doping. This further 
provides support to the electrochemical observations with the smaller redox peak 
intensities and lower capacitance values of Low-P and Low-O compared to BC. What is 
missing from the FTIR data is the spectrum for the Low-T condition. During THF washing 
of the Low-T film, which was deposited on silicon for FTIR, portions of the film would 
dissolve while the remainder would delaminate from the silicon substrate, rendering FTIR 
analysis near impossible. The partial dissolution indicates that the film contained 
appreciable amounts of soluble short chain oligomers, which our studies of oCVD PANI 
at low substrate temperature confirmed to be only a few repeat units long.318 However, the 
Low-T PANI deposited on the CDC electrode seems to be physically more stable. The 
electrochemical data still show redox contributions even though the Low-T film has been 
washed. It is possible that the Low-T PANI was more stable or not as accessible when 
interfaced within the porous CDC carbon, which might have prevented or reduced 
dissolution and delamination. Alternatively, it is possible that the short chain fragments 
dissolved but somehow were re-incorporated into the film. In either case, the presence of 
low molecular weight chains may explain the observed electrochemical behavior of the 
Low-T case. The slight increase in capacitance with cycling may be due to coupling of 
these shorter chains into longer ones that hold more charge. As a result, the capacitance of 
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Low-T PANI even approached that of the electrochemically more favorable BC PANI at 
the end of the 10,000th charge-discharge cycle.  
Finally, the oCVD PANI film chemistry of BC and BC-unwashed films deposited 
on silicon was probed by XPS in order to understand more quantitatively the changes with 
THF washing that was revealed by FTIR. The high-resolution N1s XPS spectra of 
BC-unwashed and BC PANI can be resolved into up to four separate nitrogen bonding 
environments, as previous work by Kumar et al. has shown,325 with N1, N2, N3, and N4 
assigned to the chemical structures indicated in Figure 7-6. The corresponding resolved 
position and relative fraction of each peak are summarized in Table 7-2. From the resolved 
peak intensities, the oxidation level of PANI films can be approximated by the ratio 
(N1+N3+N4)/Ntotal, since N2 is the fully reduced species,
325 so for example, the semi-
oxidized emeraldine has a theoretical ratio of 0.50. Here, for the BC-unwashed case, the 
ratio is 0.785, which corresponds to roughly 80% oxidation, and agrees well with the 
qualitative FTIR analysis that the film is predominantly in the pernigraniline state. For the 
BC case after washing, the N4 peak, which corresponds to doped PANI disappeared, while 
the ratio of (N1+N3)/Ntotal is 0.496, which indicates that the BC film is in the undoped 
emeraldine state, again corroborating the qualitative FTIR evidence. Further, the antimony 
and chlorine XPS contributions (not shown) of the oxidant are 11.6 and 6.9%, respectively, 
for the BC-unwashed film while these values decreased to 0.34 and 1.24%, respectively, 
for the BC film with washing. The loss of the oxidant dopant and the formation of the more 
favorable emeraldine state with washing creates the more optimal PANI in electrochemical 
supercapacitors.  
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Figure 7-6. High-resolution N1s XPS spectra of oCVD PANI deposited at the BC 
condition before (top, BC-unwashed) and after (bottom, BC) THF washing. 
Table 7-2. Resolved N 1s XPS spectral data for oCVD PANI. 
 
 N1  N2 N3 N4 
 as-deposited 
  binding energy (eV) 398.5 399.4 400.4 402.0 
  at % 65.2 21.5 11.1 2.2 
 washed 
  binding energy (eV) 398.7 399.3 400.4 – 
  at % 34.2 50.4 15.4 – 
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7.4. Conclusions 
From this work, the most optimal PANI for enhancing the capacitance, capacitance 
retention, and cycle life of CDC supercapacitors is made by oCVD at a high substrate 
temperature, pressure, and oxidant flowrate. The PANI from these conditions was found to 
have the ideal semi-oxidized emeraldine state for more favorable electrochemical response 
after THF washing of the polymer, which removed the antimony pentachloride oxidant and 
dopant. In addition, the washing produced a rough porous morphology that increased the 
surface area and enhanced the EDLC contribution above the EDLC offered by the CDC 
alone. While this work reveals the sensitivity of oCVD PANI film chemistry and 
morphology on resulting electrochemical behavior of coated CDC electrodes, it highlights 
the viability of oCVD in tuning PANI properties for optimizing carbon supercapacitor 
performance. oCVD overcomes many of the challenges faced by current PANI synthesis 
and processing methods, with its ability to make ultrathin films, control oxidation level, 
film chemistry and physical morphology. 
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Chapter 8. Engineering Ultrathin Polyaniline in Micro/Mesoporous Carbon 
Supercapacitor Electrodes using Oxidative Chemical Vapor Depositionvii 
Building on the knowledge gained in Chapter 6 and 7, this work optimizes the 
oCVD PANI deposition conditions to integrate ultrathin PANI into micro/mesoporous 
Mo2C-CDC supercapacitor electrodes. A combination of spectroscopic techniques 
confirms that the oCVD process produces electrochemically active emeraldine PANI. The 
composite electrode exhibits a two times improvement in specific capacitance vs bare 
Mo2C-CDC and shows good cyclability. 
8.1. Introduction 
Significant effort is currently being made to develop novel, environmentally 
friendly, inexpensive, and lightweight energy storage devices,131-132 which are much in 
demand in a number of areas such as wearable electronics, automobiles, handheld devices, 
and power grids.126, 128-130 Compared to rechargeable batteries, supercapacitors have 
several advantages and a few disadvantages. They have higher power densities, are more 
environmentally friendly, but have lower energy densities. Their energy densities can be 
improved through integrating a pseudocapacitive material that stores charge via chemical 
reactions. Pseudocapacitive materials, such as ICPs including PPY, PT, and PANI, are 
highly attractive because of their high theoretical gravimetric capacitance (400-750 F/g), 
sustainability, and relatively low cost.142 By integrating ICPs within a carbon matrix, 
charge storage capacity can be improved significantly, since the reversible electrochemical 
reactions within ICPs store additional charge. The carbon matrix provides a conductive 
                                                 
vii Adapted from Yuriy Y. Smolin, Katherine L. Van Aken, Muhammad Boota, Masoud Soroush, Yury Gogotsi, Kenneth K. S. Lau. 
Advanced Materials Interfaces, 2017, 4(8), 1601201. Engineering Ultrathin Polyaniline in Micro/Mesoporous Carbon 
Supercapacitor Electrodes Using Oxidative Chemical Vapor Deposition. 
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network for continuous ion percolation and the ICP offers high pseudocapacitance. 
However, supercapacitors utilizing ICPs exhibit poor cycle stability142, 146-148 mainly due 
to thick polymer coatings, which swell and contract substantially on charge and discharge 
cycles, leading to mechanical degradation.128 Another major drawback of the polymer 
integration is an uncontrolled formation of polymer aggregates during synthesis, which 
makes manufacturing of thin, uniform and conformal coatings difficult. Recently, advances 
have been made to integrate ICPs in supercapacitors to address these concerns by utilizing 
nanostructured polymer materials, via carbon-polymer composite devices such as polymer 
coatings onto carbon nanotubes (CNTs),143 and by integrating ICPs directly onto 
conductive carbons, between graphene layers,326 or between MXene layers.145  
Current methods for coating polymers onto carbon substrates such as chemical bath 
deposition,149 electrodeposition,150 and casting from suspension151 are unable to coat 
uniformly and conformally microporous (< 2 nm) carbon electrodes throughout the entire 
electrode thickness, typically 100 µm, without blocking pore accessibility to ions.128 High 
pore aspect (length-to-width) ratio (>10,000), tortuous pore structure, liquid surface 
tension, solution viscosity, poor wettability, and solute steric hindrance make conformal 
coatings nearly impossible. Furthermore, poor solubility of ICPs in common solvents such 
as tetrahydrofuran, dimethylformamide, chloroform, and methanol, which is due to their 
rigid backbone structure, limits processability. Also, for electrochemical deposition, the 
need for a conductive substrate limits broad utility significantly. Overcoming these 
challenges can lead to substantially more use of ICPs in power storage. Ultrathin uniform 
conformal coating of microporous carbon electrodes can improve significantly the 
performance of ICP-integrated supercapacitors, since a highly-porous electrode with a 1-2 
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nm ultrathin uniform conformal polymer coating has several appealing features. First, it 
maintains the rapid movement of ions through the pores during charge/discharge reactions, 
preserving the electrochemical double layer capacitance (EDLC).152-153 Second, due to the 
added faradaic redox reactions, the ICP coating can add pseudocapacitance charge storage. 
Third, the ICP in the nanometer-thin film will be accessible to the electrolyte and will be 
electrochemically active. These features improve the gravimetric and volumetric 
capacitance, and the energy density, because a 1-2 nm coating increases the device volume 
and mass very little.126 Fourth, ultrathin coatings do not swell or contract significantly 
during cycling and are able to respond to stress better than thicker coatings, leading to 
better cyclability.145 Fifth, thin films on conducting substrates can be used in high power 
applications, as they can undergo oxidation and reduction at very high rates.128 
This work demonstrates that the current challenges in depositing ICPs onto porous 
carbon electrodes can be overcome and devices with improved electrochemical 
performance can be designed through oCVD. We deposit a 1-2 nm thin film of PANI onto 
CDC electrodes by oCVD, and then demonstrate improved device performance and 
excellent cyclability. To our knowledge, this is the first reported synthesis of PANI by 
oCVD. Mo2C-CDC, which has a bimodal pore size distribution, is used to test the 
conformity and uniformity of polymer films because this material has a controlled pore 
size distribution in the nanometer range and a high specific surface area (SSA).320 Due to 
its mix of micro-meso porosity, Mo2C-CDC—as a model system—provides understanding 
of how the PANI film from oCVD coats different pore sizes and whether the size of the 
pore has an effect on the oCVD PANI integration.321 CDCs are also advantageous in that 
their pore size can be tuned by adjusting synthesis temperature,327 and as certain CDCs 
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have multimodal pore size distributions, they are excellent for studying deposition of 
coatings into pores of different sizes. 
oCVD is a simple, single step, solvent-free polymerization and coating technique, 
which has been shown to deposit conformal coatings thinner than 5 nm onto complex 
nanostructures,162 flexible substrates, and within porous scaffolds.161, 163-164 oCVD 
polymerization mimics the oxidative step-growth polymerization that has been used widely 
to grow conducting polymers, where the combination of monomer and oxidant leads to a 
polymer thin film. oCVD involves surface polymerization, which facilitates conformal and 
uniform coatings.168 The ability of oCVD to overcome the common challenges of solution 
deposition in solar cells has already been demonstrated.28, 143, 168 Conducting polymer 
coatings of PEDOT, PT, and PPY have been synthesized using oCVD.168 Our previous use 
of oCVD to create ultrathin coatings of PT showed that oCVD is able to deposit highly 
conformal and uniform coatings within porous nanostructures, such as anodized aluminum 
oxide, mesoporous titanium dioxide, and activated carbon.162 The PT-coated activated 
carbon supercapacitor showed improved cyclability, with only a 10% decrease in 
capacitance after 5,000 cycles along with a 50% improvement in gravimetric capacitance, 
and a 250% increase in volumetric capacitance, compared to bare activated carbon.162 The 
improvement was primarily due to the ultrathin coatings retaining the pore structure of the 
carbon, which maintained the EDLC, and incorporating simultaneously the redox reactions 
of the polymer provided additional charge storage and an increase in the double layer 
capacitance due to nanoconfinement.162 
PANI is an ideal candidate for supercapacitors because it has many beneficial 
properties such as high electrical conductivity, high theoretical capacitance (55% higher 
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than PT),142 relatively low material cost, and greater stability than most other ICPs.291 So, 
the successful integration of ultrathin PANI coatings into carbon materials can aid in 
overcoming current device limitations such as lower energy density of supercapacitors, 
compared to batteries. Furthermore, the PANI integration is relevant in many non-energy-
related applications such as non-volatile memory and actuators, and benefits other fields 
such as membrane separations and catalysis. In this work, we are realizing the strategies 
proposed by Lukatskaya, Dunn, and Gogotsi127 to improve both the energy and power 
densities of electrochemical capacitors by integrating PANI into a porous CDC electrode. 
As mentioned before, the oCVD deposition method provides better experimental control 
(e.g., coating thickness, polymer loading, etc.) for fabricating carbon/polyaniline 
devices169-170 than current solution-based methods. Moreover, oCVD is scalable to high 
throughput roll-to-roll processing for commercialization.  
8.2. Results and Discussion 
Figure 8-1 illustrates the oCVD process for PANI synthesis and integration. The 
aniline monomer and antimony pentachloride (SbCl5) oxidant are vaporized and 
continuously fed into the reaction chamber. Nitrogen gas is used as an inert carrier to help 
transport the oxidant and as a diluent to control reaction kinetics. After entering the 
chamber, the oxidant and monomer diffuse into the pores of the carbon electrodes, adsorb 
onto the pore surfaces, and form PANI on CDC via an oxidative polymerization 
mechanism. After the film is deposited, it is washed with tetrahydrofuran (THF) to remove 
the oxidant.162 Details of the experimental procedure are available in Appendix E.   
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Figure 8-1. (left) Synthesis and integration of PANI in carbon supercapacitor electrodes 
by oCVD. oCVD enables polymerization and conformal thin film formation of PANI onto 
a porous carbon electrode. (right) Chemical structure of different states of PANI. 
Among ICPs, PANI is unique because it can exist in three different oxidation states. 
The fully oxidized pernigraniline state is composed fully of quinoid groups (N1 in Figure 
8-1). At the other extreme, the fully reduced leucoemeraldine state is composed fully of 
benzenoid groups (N2 in Figure 8-1). In between, the partially oxidized emeraldine form 
is composed of a 1:1 ratio of benzenoid and quinoid groups. The emeraldine state is desired 
from an electrochemical standpoint, because its electrical conductivity is 10 orders of 
magnitude greater compared with the other two states.292 Therefore, for electrochemical 
applications, it is essential to deposit emeraldine PANI via oCVD, and we use FTIR, XPS, 
and UV-vis to verify PANI formation. To quantify the formation of emeraldine PANI, 
FTIR analysis was performed on polymer films deposited onto silicon wafers via oCVD 
(Figure 8-2a). Silicon wafers were selected because they are IR transparent. For FTIR, 
films of approximately 250 nm were analyzed, as determined by SEM, which also showed 
the films were dense and uniform (Appendix E, Figure E-1). The lack of peaks at 749 and 
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688 cm-1 in the PANI spectrum indicates that the film is void of oligomers and short chain 
aniline units, more representative of the monomer (see Appendix E for a detailed 
discussion of the aniline monomer peaks). In addition, many of the peaks in the polymer 
spectrum indicate the formation of PANI. The peak around 1160 cm-1 is attributed to 
N=Q=N (Q=quinoid ring) and to aromatic C-H in-plane deformation, suggesting the 
formation of PANI.304 A sharp peak at around 1148 cm-1 corresponds to –NH+= vibrations 
of PANI.302 The peaks around 3000–3100 cm-1 are due to C–H stretching on the aromatic 
ring and NH2
+ groups.302 Furthermore, the band around 3304 cm-1 corresponds to free N–
H symmetric stretching. Also, the peak at 825 cm-1 is consistent with high molecular weight 
PANI due to p-disubstitution and confirms para-coupling of the constitutive aniline 
units.304-305 The spectrum also indicate that the film is in the undoped state since the 
transition from undoped to doped states would blue shift the 825 and 1160 cm-1 peaks by 
30 and 54 cm-1, respectively.312 The vibration around 1588 cm-1 represents the quinoid ring, 
and the 1510 cm-1 vibration is due to the benzenoid ring.328 The presence of both 1510 and 
1588 cm-1 peaks implies that both amine (N–C) and imine (N=C) units, respectively, exist 
within the polymer chains. Quantitatively, the ratio of the peak intensity at 1588 cm-1 to 
that at 1510 cm-1 has a value of 0.87, suggesting that most of the polymer is in the 
emeraldine form with slightly more benzenoid groups than quinoid groups.307 This is 
supported by the peak at 1315 cm-1 which is due to C–H stretching of the secondary 
aromatic amine and suggests the formation of the emeraldine PANI.304 The presence of 
emeraldine PANI is further supported by the green color of the PANI film, which is 
uniformly deposited via oCVD on a glass slide (Figure 8-2b).  
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Figure 8-2. (a) FTIR of aniline monomer (bottom) and oCVD PANI thin film (top). (b) 
UV-vis absorption spectrum of oCVD PANI film. Inset: PANI, deposited onto quartz glass, 
shows a green color indicative of the emeraldine state. (c) High resolution N1s and C1s 
XPS spectra of oCVD PANI thin films corresponding to chemical groups in Figure 8-1.  
UV-vis analysis (Figure 8-2b) indicates that the PANI film is in the undoped state, 
as suggested by the FTIR data. Doped PANI typically contains three absorption peaks 
located in the range of 306-324, 402-413, and 820-835 nm, corresponding to the benzenoid 
ring π-π*, polaron-π*, and π-polaron transitions, respectively.305, 307, 329-331 The precise 
location of each peak depends on synthesis conditions during deposition and the dopant 
used. In contrast, the oCVD PANI film contains only the two peaks centered around 314 
and 434 nm. In general, the 820-835 nm peak provides a measure of the level of doping in 
the film and its absence indicates that the oxidant, antimony pentachloride, which also acts 
as the dopant, is not present in the oCVD PANI film, corroborating the FTIR results. This 
is attributed to the post-deposition washing step that removes the dopant, which has also 
been done previously for oCVD PEDOT and PT to improve performance.168 
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 XPS was used to investigate and quantify PANI film chemistry as well as to 
determine its oxidation state and doping level. As seen in Figure 8-2c, the N1s region can 
be resolved into three separate nitrogen bonding environments (corresponding to N1, N2, 
N3 in Figure 8-1). Previous XPS work on PANI313-316, 325 have shown that N1 is the neutral 
imine nitrogen associated with the PANI quinoid groups, N2 is the neutral amine nitrogen 
in PANI benzenoid groups, and N3 is a more positively charged nitrogen group found in 
PANI. Also shown in Figure 8-2c, the C1s of oCVD PANI can likewise be resolved into 
three separate carbon environments. The lowest binding energy C1 peak corresponds to C–
C and C–H bonds, the C2 peak corresponds to carbon bonded to neutral nitrogens such as 
N1 and N2, and the C3 peak corresponds to the C–N bond of N3. Since N1 and N2 
correspond to quinoid and benzenoid groups, respectively, one can estimate the oxidation 
state by taking the ratio of the different nitrogen states: (N1+N3)/Ntotal.
325 For emeraldine 
PANI, this value should be 0.50. The oCVD PANI film has a ratio of 0.496, which suggests 
that most of the film is in the emeraldine state and provides more quantitative support of 
the FTIR analysis. The band positions and atomic percentage values for the fitted peaks, 
which validate the formation of emeraldine PANI, are summarized in Table 8-1.313-316, 325 
Based on the stoichiometry of the chemical structures shown in Figure 8-1, the ratio of C1 
to (C2+C3) should be 2:1 for para coupling, since C1 carbons are those not bonded to 
nitrogen. For oCVD PANI, the calculated ratio is smaller, at 1.72:1, primarily from a higher 
than expected C2 peak intensity compared to that predicted by the N1s XPS data and from 
theory. Based on previous work on polypyrrole and polyaniline, it has been proposed that 
hydrocarbon impurities on sample surfaces due to atmospheric exposure can affect the C–
N bond intensity more than that of the C–C bond, which may account for the higher C2 
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value and lower C1/(C2+C3) ratio.325, 332 Finally, the Cl2p and Sb5d signals indicate that 
1.24 and 0.34 at% of chlorine and antimony, respectively, are present. This reflects a very 
low amount of antimony pentachloride left in the film after washing in THF, corroborating 
the UV-vis and FTIR analysis that washing removes nearly all the oxidant. 
Table 8-1.Resolved peak data from the N1s and C1s XPS spectra. 
 N1  N2 N3 C1 C2 C3 
Energy (eV) 398.7 399.3 400.4 284.5 285.3 286.0 
Atomic % 34.2 50.4 15.4 63.2 30.5 6.3 
 
PANI was then deposited into Mo2C-CDC electrodes and an asymmetric device 
was fabricated with an over-capacitive activated-carbon counter electrode, an Ag/AgCl 
reference electrode, and 1M H2SO4 as an electrolyte. The working electrode was either 
PANI-coated Mo2C-CDC or uncoated Mo2C-CDC. The performance of these 
supercapacitors was then compared. Figure 8-3 shows the results of these tests, including 
a comparison of multiple scan rates for bare CDC (Figure 8-3a) and PANI-CDC (Figure 
8-3b). Figure 8-3a depicts EDLC behavior of the bare CDC material, which is more 
resistive than other carbon materials due to the lower conductivity of the material. These 
performance values provide a baseline for measuring the improvement caused by the 
oCVD PANI coating. The gravimetric capacitance values of the bare CDC are between 70 
to 17 F/g depending on scan rate. Different CDC materials have different electrochemical 
performances, and this baseline performance is evidence that Mo2C-CDC as an electrode 
material is not as conductive as other porous materials. This is clear by the narrow shape 
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of the CV curve for the bare CDC in aqueous electrolyte (Figure 8-3a). It also has a 
moderate SSA (530 m2/g), hence showing a lower performance compared to TiC-CDC.320, 
327, 333 From the second plot, there is a significant increase in the gravimetric capacitance 
of the PANI-coated CDC device (11 wt% of PANI in the CDC electrode), which varies 
between 155-115 F/g for scan rates between 5 and 500 mV/s. The oCVD PANI integrated 
supercapacitors have a specific capacitance more than twice that of bare CDC ones (136 
F/g for 11 wt% of PANI in the CDC electrode vs. 60 F/g for bare CDC at 10 mV/s). This 
gives a PANI-only gravimetric capacitance of 690 F/g, very close to the theoretical limit 
of 750 F/g.142 Further, the volumetric capacitance increased by 5.2 times (from 18 to 96 
F/cm3), assuming there is negligible increase in geometric volume with the ultrathin PANI 
coatings. The increase in capacitance is due to a faradaic redox reaction that occurs between 
PANI and protons,334 causing a large increase in current and the peaks in the CV curve. 
Even at a high scan rate of 100 mV/s, the added pseudocapacitance from the PANI coating 
is still evident. Figure 8-3c shows the two devices at a single scan rate of 20 mV/s on a 
common capacitance scale. It provides a clearer comparison and again shows that the PANI 
coating not only adds a pseudocapacitive behavior to the device but also decreases the 
electrode resistance and increases the total capacitance, evidenced by the increase in the 
rectangular envelope compared to the bare CDC.  
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Figure 8-3. Cyclic voltammograms in a range of scan rates for (a) bare, and (b) PANI-
coated Mo2C-CDC electrodes. (c) A common-scale comparison of the cyclic 
voltammograms for both electrodes at 20 mV/s, where the PANI-coated electrode (green 
square) shows a pseudocapacitive contribution as well as an increase in EDL capacitance 
compared to the bare Mo2C-CDC (red circle). (d) Rate performance, in terms of specific 
(closed symbols) and volumetric (open symbols) capacitance of both devices, calculated 
from the cyclic voltammograms shown in (a) and (b). (e) Cycle life of each device, tested 
at 20 mV/s for 10,000 cycles. 
To gain a better understanding of the significant increase in gravimetric 
capacitance, and to understand what microscopic changes were taking place within the 
electrode due to the PANI coating, N2 sorption measurements were done along with 
scanning electron microscopy (SEM). The surface area, pore size distribution, and pore 
volume were characterized by nitrogen sorption experiments, and the nitrogen adsorption-
desorption isotherms (Appendix E, Figure E-2) of both CDC and PANI-CDC films 
exhibited a type IV isotherm with a hysteresis, indicating micro-meso porosity. The 
hysteresis associated with PANI-CDC was slightly widened presumably as a result of the 
PANI coating on CDC which may be due to a change in mesopore shape.133 The CDC film 
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exhibited a SSA of 530 m2/g, which was reduced to 470 m2/g after PANI coating. The 
slight decrease in SSA is most likely due to the PANI deposition, which coats and fills 
some pores. In contrast to solution-based approaches,335 which typically decrease the 
surface area by 90%, oCVD coating decreased the SSA slightly, which is critical for charge 
storage applications and improving energy density without loss in power density. For 
instance, previous work on coating a pseudocapacitive material on graphene oxide sheets 
showed a decrease of SSA from 334 to 43 m2/g.336 Furthermore, pore widths of the PANI-
CDC electrode were similar to the pristine CDC’s pore widths of 0.81, 1.68 and 3.38 nm 
(Figure 8-4a). Therefore, the pore geometry was retained during the coating process and 
the fabricated PANI-CDC film yielded high SSA, bimodal porosity, and open pore 
structure required for high charge storage capacitance. Also, the pore size distribution 
(Figure 8-4a) indicates that most PANI molecules were uniformly deposited in the pores, 
retaining the mixed porosity network for rapid charge/discharge and implying the coatings 
are extremely thin, on the order of a few nanometers or less based on TEM (Appendix E, 
Figure E-3). To inspect the morphology of the coatings, top-down and cross-sectional 
SEM was performed on the samples. As seen in Figure 8-4c, PANI conformally coats the 
electrode and adds a unique porous morphology with pores between 5-50 nm in diameter 
that is not seen in the uncoated CDC (Figure 8-4b). In addition, it seems that some PANI 
was deposited on the surface of the electrode or between CDC grains, improving the 
electrical contacts between the grains and with the current collector. Figure 8-4e shows 
the cross-section of the film, which has an increased surface roughness within the electrode 
(Figure 8-4e inset) compared with bare CDC (Figure 8-4d and inset). Since the pore-size 
distribution was maintained, this underpins why the PANI-CDC device maintained a high 
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capacitance. The PANI coating improved the conductivity of the device (the pure carbon 
electrode was fairly resistive), leading to a more rectangular CV with greater capacitance. 
This may explain the increase in the CV envelope. As expected, this enhanced capacity is 
sensitive to PANI loading in the CDC electrodes (Appendix E, Figure E-4). For example, 
a CDC electrode fabricated with a lower PANI loading of 9 wt% (compared with 11 wt%) 
shows a similar increase in EDLC over bare CDC, attributed to the porous morphology, 
but a decrease in the redox peaks due to less PANI contributing to the faradaic 
pseudocapacitance. At a much higher PANI loading of 25 wt% (compared with 11 wt%), 
instead of increasing with loading, the sharp redox peaks decrease. This may be due to 
transport limitations that limit the full utilization of thicker PANI at higher loading. 
Previous work by our group on polythiophene-carbon supercapacitors has shown that there 
is an optimal polymer loading which provides the best synergy between faradaic redox 
reactions of the polymer and the double layer capacitance of the electrode.162 
 
Figure 8-4. (a) Pore size distributions of bare (red circle) and PANI-coated Mo2C-CDC 
(green square) electrodes. (b, c) Top-down SEM images of bare and PANI-coated Mo2C-
CDC electrodes, respectively. (d, e) Cross-sectional SEM images of bare and PANI-coated 
Mo2C-CDC electrodes, respectively. Scale bar: 2 µm, inset: 400 nm. 
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The effect of scan rate can be seen clearly in Figure 8-3d, where the performance 
of both devices decreases with scan rate. However, the PANI-coated electrode is notably 
better at retaining the capacitance, showing a shallower drop as the rate is increased, which 
can be due to the increased conductivity and the added redox capacitance, occurring at all 
rates caused by oCVD PANI. Electrochemical impedance spectroscopy results (Appendix 
E, Figure E-5) validates that the resistance within the electrode was reduced by the oCVD 
PANI coating. This is very promising for high-power applications. The unique porous 
structure and ultrathin coating may facilitate the transport of ions throughout the electrode 
since thin polymer coatings were shown to perform very well in high power applications.128 
As shown through galvanostatic charge-discharge (Appendix E, Figure E-6), the CDC-
PANI electrodes exhibit little IR drop and have good coulombic efficiency. At a current 
density of 5, 10, and 50 A/g, the IR drop was 6.7, 13.3, and 66.9 mV, and the columbic 
efficiency was 77.8%, 73.5%, and 67.2%, respectively. The equivalent series resistance of 
the PANI-CDC was only 0.52 Ω. Finally, a typical disadvantage of PANI coating in 
electrochemical devices is significant degradation over cycling due to thick coatings 
swelling and contracting. Typically, conducting polymers begin to degrade under 1000 
cycles due to changes in their physical structure that is caused by the repeated counter ion 
insertion and de-insertion causing changes in volume and mechanical failure.142 For 
example, electrodeposited PANI on carbonized polyacrylonitrile aerogel electrodes lost 
15.3% of the initial capacitance after only 200 cycles.322 To examine the possible 
improvement of depositing oCVD PANI, the cycle life of both the bare and PANI-coated 
electrodes was tested over 10,000 cycles at a scan rate of 20 mV/s (Figure 3e). The bare 
CDC showed no change in capacitance over the 10,000 cycles, which was expected as 
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traditional supercapacitor electrodes boast millions of cycles before failure.126 This long 
cycle life is due to a physical adsorption mechanism that does not chemically modify the 
electrode. On the other hand, the PANI-coated electrodes revealed a higher capacitance 
due to the pseudocapacitive contribution of the PANI. In addition, after a minor drop in 
capacitance after the first few cycles, the performance of the PANI supercapacitor remains 
stable over the 10,000 cycles, dropping to only 90% of the initial stabilized value (~100 
F/g). This suggests that the PANI coating is not only beneficial for boosting the overall 
capacitance, but can maintain this high capacitance over many charge-discharge cycles. 
Even after 10,000 cycles, the PANI-CDC device exhibited a 1.8 times greater capacitance 
than the bare CDC electrode. 
8.3. Conclusions 
In this work, we demonstrated that charge storage capacity of porous carbon can be 
improved significantly through the integration of nanometer-thin PANI films into CDC 
electrodes with a bimodal (micro/mesoporous) pore size distribution using the single-step 
oCVD process. To our knowledge, this work is the first reported synthesis of PANI via 
oCVD on different substrates. The oCVD process allows for the integration of PANI into 
pores as small as 1.7 nm, and CDC/PANI electrodes have a gravimetric capacitance more 
than twice that of bare CDC (136 F/g for 11 wt% of PANI in the CDC electrode vs. 60 F/g 
for bare Mo2C-CDC at 10 mV/s). This yields a PANI-only gravimetric capacitance of ~690 
F/g, which is close to the theoretical value of 750 F/g.142 The coating preserves to a large 
extent the native electrode surface area and pore size distribution, while simultaneously 
improving capacitance due to the faradaic redox reactions of PANI. Even at high scan rates 
of over 100 mV/s, the added pseudocapacitance from PANI remained evident. The 
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composite electrode exhibited good cyclability, decreasing to 90% of the initially value 
(~100 F/g) after 10,000 cycles. The remarkable improvements in electrochemical 
performance can be attributed to the major advantages of using oCVD, which provides 
much finer control over film properties and thickness. This aids in fabricating 
supercapacitors with ultrathin PANI coatings at small PANI loading that are more robust, 
which is extremely challenging using conventional solution-based methods. For instance, 
work by Cong et al., reported that, while a bare graphene paper electrode was ~30 µm, the 
graphene paper electrode electropolymerized with PANI was 38 µm, and the thick PANI 
coating contributed to the 18% drop in capacitance after 1000 cycles (at 5 A/g and 22.3 wt 
% PANI).337 Likewise, Wu et al., has shown that 120 nm diameter PANI nanofibers 
synthesized by interfacial polymerization and integrated into graphene layers exhibited a 
21% drop in capacitance after 800 cycles (at 3 A/g and 66% wt% PANI).170 Furthermore, 
composites of single-walled carbon nanotubes and 50 nm thick chemically polymerized 
PANI nanoribbons showed a 21% reduction in capacitance after 1000 cycles (at 0.2 
mA/cm2 and 26 wt% PANI).338 Similarly, carbon nanocoils (80-100 nm diameter) 
integrated with chemically polymerized PANI (80 wt %, 20 nm thick) exhibited a 28% 
drop in capacitance after 2000 cycles (at 2.5 A/g).338 In addition to the poor cyclability, 
most of the solution-based composite devices only reach PANI-only capacitances that are 
~60–70% of the theoretical limit. In contrast, the oCVD process enables nanometer-thin 
control of PANI coatings which, with the smaller PANI loadings, leads to excellent 
cyclability even after 10,000 cycles, show very good rate performance, and have PANI-
only capacities up to 92% of the theoretical limit. 
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Chapter 9.  Conclusions and Outlook 
CO2-induced global warming has become an important issue and there is currently 
a push to transition to sustainable and renewable energy resources. Solar energy is seen as 
a very promising renewable energy source because over 90 PW (1 PW=1015 W) of 
radiation reaches Earth’s land and oceans. The challenge is that solar energy must be 
collected and stored efficiently in a cost competitive manner. Therefore, this work focused 
on utilizing cheap polymers to improve the performance and stability of energy devices, 
specifically DSSCs and supercapacitors, using an integrated model-guided approach. 
Polymers were synthesized and integrated using chemical vapor deposition (CVD) 
techniques and modeling of the associated energy systems were done using first-principles 
mathematical modeling.  
Polymers are a cheap, non-toxic, and environmentally friendly alternative to what 
is currently used in DSSCs and supercapacitors, and polymers can improve device stability 
and performance. Unfortunately, much of the current material research in DSSCs and 
supercapacitors has been based on scientific intuition and trial and error experimentation—
a slow and inefficient process with many of the directions taken to address device 
challenges being without theoretical guidance. In fact, many of the recent advances in the 
DSSC and supercapacitor fields have relied on the computational design and screening of 
materials. Therefore, this thesis also aimed to use first principles modeling to gain insight 
into the key physical and electrochemical processes occurring in these energy systems and 
to apply that knowledge towards enhancing device performance.  
DSSCs and supercapacitors, along with many energy devices, have high surface 
area nanostructured electrodes which facilitate greater capacity, reactivity, and absorption. 
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Supercapacitors are energy storage devices that use a microporous carbon electrode to store 
as much charge as nickel-metal hydride batteries but unlike batteries, they can be charged 
or discharged in just minutes or even seconds, and are often made of nontoxic and cheap 
carbon. This research addressed the challenge of improving charge storage of 
supercapacitors by utilizing cheap conducting polymers. DSSCs are a new type of solar 
cell that utilizes a mesoporous photoanode that can be made inexpensively without 
intensive purification and fabrication steps, and DSSCs have good solar conversion 
efficiencies of 14%. Current DSSCs use a liquid electrolyte which has many limitations. 
By replacing a liquid electrolyte with a polymer electrolyte, this research aimed to enhance 
performance and stability of DSSCs. Also, DSSCs have a large number of components, so 
mathematical modeling was used to guide the design and optimize the performance of 
polymer electrolyte DSSCs. 
Both supercapacitors and DSSCs utilizing polymers could be made flexible, which 
would open them to a variety of new applications. However, integrating polymer coating 
into these porous electrodes is non-trivial and challenging, but worthwhile because of the 
significant enhancements possible in both systems. Meso- and nanoscale pore diameter, 
high aspect ratio, and tortuous pore structure of the electrode along with liquid surface 
tension, poor wettability, and solute steric hindrance make conformal coating and polymer 
integration into the porous electrodes very difficult using liquid techniques such as spin 
coating. This leads to poor electrical contact and lower performance. To overcome these 
challenges, iCVD and oCVD were used to deposit polymer electrolytes and conducting 
polymers in DSSCs and supercapacitors, respectively. These solvent-free techniques 
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allowed for conformal, uniform polymer coatings between five and hundreds of 
nanometers in porous and nanostructured electrodes. 
9.1. DSSCs 
This work experimentally and theoretically investigated how DSSC performance 
was affected by polymer electrolyte chemistry. Polymer electrolytes based on PVP, 
PGMA, PVIZ, P4VP, and PHEMA were fabricated and integrating into the mesoporous 
TiO2 photoanode of DSSCs using the iCVD approach. Kinetic, spectroscopic, and 
electrochemical studies were performed as well.  
FTIR and XPS confirmed that iCVD could deposit stochiometric polymers 
indistinguishable from traditional solution-based methods, suggesting the same free-
radical polymerization was occurring. Moreover, this work provided a deep understanding 
into how and why iCVD processing conditions such as substrate temperature, monomer 
and initiator flowrates, and reactor pressure impacted polymerization kinetics. The work 
highlighted why these process parameters could be consolidated into a unified iCVD 
dimensionless parameter, Z, which was an indicator for the surface availability of the 
monomer for polymerization. Copolymerization using two monomers and one initator via 
iCVD was also investigated and this gave new insight into how monomer units prefer to 
polymerization in iCVD and why some formed as block copolymers while others formed 
as random copolymers. Finally, by understanding the iCVD free-radical polymerization 
process, diffusion and reaction rates were controlled to engineer conformal thin film 
coatings which were integrated into porous TiO2 photoanodes of DSSCs. The polymer 
electrolyte integrated DSSCs showed that J-V behavior (open-circuit voltage, short-circuit 
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current density, and fill factor) could be enhanced and controlled by tailoring polymer 
chemistry. 
To help understand how and why the internal and interfacial processes were being 
affected by polymer chemistry, a transient, one‐dimensional (along the cell thickness) 
model that accurately described the behavior of polymer-electrolyte DSSCs was 
developed. Continuity and transport equations for all charged species in the cell, including 
the electrons in the TiO2 semiconductor and the iodide/triiodide redox species, formed the 
backbone of the model. The model predicted the transient behavior of the cell from dark 
equilibrium to open circuit conditions, and predicted accurately the J-V behavior. It 
calculated that the electron response was faster than those of the redox species, indicating 
that the polymer electrolyte overcoat needed to be thin (100 nm) to minimize diffusion 
limitations, which was experimentally implemented. To understand the influence of DSSC 
processes on cell behavior, parametric sensitivity studies were conducted to understand 
how key DSSC process parameters affected J-V performance. Building on this, the 
theoretical study, coupled experimental data, used parameter estimation to indicate why 
the pendant groups on the polymers influenced DSSC processes and J-V behavior. The new 
insight suggested that polymer chemistry affected the conduction band position of TiO2, 
the back electron transfer at the photoanode-electrolyte interface, and the exchange current 
density at the platinum cathode. By knowing why polymer chemistry influenced J-V 
behavior, new optimal polymer electrolyte chemistries were predicted, synthesized, and 
tested—validating the model. 
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9.2. Supercapacitors 
Coating amorphous micro- and nano-porous materials with conducting polymers is 
difficult and challenging but worthwhile because a highly porous structure facilitates the 
rapid movement of ions during quick charge and discharge reactions, along with 
maintaining a large EDLC, and incorporating the conducting polymer’s Faradic redox 
reactions improves the capacitance. However, a current challenge exists in using liquid 
techniques to integrate conducting polymers into nanostructured devices with pore 
diameters between 1-10 nm because of high aspect ratios and tortuous pore structure along 
with liquid surface tension, solution viscosity, poor wettability, and solute steric hindrance. 
Another major obstacle to utilizing conducting polymers has been their poor solubility in 
common commercial solvents due to their rigid backbone structure. Moreover, for 
electrochemical deposition of conducting polymers, the need for a conductive substrate 
further limits applicability. oCVD has been able to overcome these disadvantageous for 
PT, PPY, and PEDOT. However, there was no work on oCVD PANI although among 
conducting polymers, PANI is preferred for energy storage because of its beneficial 
properties such as high conductivity, high theoretical capacitance, low monomer cost, and 
better stability than other conducting polymers. 
The synthesis of PANI by oCVD was originally deemed unviable by the research 
community, but through hard work and creative thinking, it has been achieved—which has 
provided new knowledge and benefited the research community. This work first reported 
the synthesis of PANI via oCVD, hypothesizing on how the reaction mechanism occured. 
Then oCVD processing conditions were systemically varied to understand the influence of 
reactor pressure, monomer and oxidant flowrates, and substrate temperature on PANI film 
chemistry (such as doping level, conductivity, oxidation state, etc). This provided new 
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knowledge into how the deposition kinetics and the process could be controlled. This 
gained knowledge gave novel insight into why varying these parameters changed the 
electrochemical performance of PANI. The knowledge also enabled the control of the 
oCVD process to deposit nanometer thin films.  
The nanometer thin oCVD PANI coatings were integrated into micro- and 
mesoporous CDC electrodes for high performance electrochemical capacitors. This 
addressed the strategies proposed by Simon and Gogosti to improve both the energy and 
power densities of electrochemical capacitors by integrating conducting polymers into 
nanostructures electrodes. The results indicated that by understanding and controlling the 
oCVD process, a 2x improvement in the gravimetric charge storage could be achieved. The 
ultrathin oCVD PANI film was engineered with a porous morphology, which is why 
improvement in the capacitance came as an increase in EDLC and an increase in 
psuedocapacitance. Furthermore, while most polymer-carbon composites lose over 10% 
capacitance after the first 100-1,000 cycles, the oCVD coated device only lost 11% after 
10,000 cycles which was unprecedented. Follow-up work indicated that improvement was 
due to the ultrathin oCVD coatings, which reduced the resistance of the electrode by 
providing a conductive network during charge and discharge.  
9.3. Outlook 
The holistic, synergetic modeling and experimental approach described here, which 
combined first-principles mathematical modeling and iCVD & oCVD has provided many 
impactful discoveries. The knowledge from these impactful discoveries can be used for a 
wide range of other materials and other devices: such as batteries, fuel cells, membranes, 
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and sensors. Below is a list of impacts from this work and how they apply to other research 
areas: 
• The synthesis of PANI, for the first time without the need of any solvents or a conductive 
substrate, and the ability to control PANI chemistry and electrochemistry using oCVD. 
This allows for the easy processing of PANI by oCVD to functionalize non-conductive 
substrates that have wettability issue (such as coating hydrophilic surfaces). The ability 
to control the chemical and electrochemical state of PANI is also pertinent in many 
cutting-edge technologies such as batteries, supercapacitors, solar cells, sensors, and 
membranes.  
• The development of nanoscale polymer coatings of conducting polymers and polymer 
electrolytes. This enables nearly any surface to be functionalized with a thin or ultrathin 
polymer coating which is important in many new research fields—especially as 
nanomaterials proliferate. For instance, an ultrathin hydrophilic-hydrophobic coating 
could be applied to a water membrane, or a pH-sensing coating could be put on textiles 
or nanoprobes.  
• The optimized integration of polymer coatings within micro and mesoporous electrodes 
of DSSCs and supercapacitors. As nanomaterials are increasingly being used, this work 
provides a blueprint of how polymer coatings can be easily integrated into porous 
nanomaterials and demonstrates some of the possible improvements in performance. 
This has major applications in coating or filling various porous nanomaterials. 
• The development of mathematical models that accurately predicted device processes 
and performance. First, the use of first-principles mathematical models provides better 
understanding of the interfacial and bulk processes occurring within these energy 
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systems (along with other systems as well). This facilitates new insight into how 
changing design specification (such as polymer chemistry, porosity, electrode thickness, 
etc.) impacts interfacial and bulk processes, and helps answer why changing a design 
specification can lead to improved performance.  
• Efficient optimization of the design and performance of energy systems by combining 
experiments and modeling. Often material development takes ~20 years before 
commercialization. However, combining modeling and experiments, as done here, will 
facilitate advances and commercializing at twice this rate. This could dramatically 
reduce the number of experiments needed for device optimization, predict better 
components and designs, and save time and money. The use of first-principles models 
coupled with experimental investigations could be applied to optimizing the design of 
batteries, fuel cells, membranes, supercapacitors, and DSSCs.  
  
 Overall, these contributions provided immense value to research in polymers, in 
electronic materials, in nanoscience and engineering, and in first-principles modeling. The 
knowledge gained will aid in future design and optimization of superior energy conversion 
and storage devices, along with improving other classes of devices such as sensors, 
batteries, and membranes. Moreover, better energy storage and conversion devices will 
have a broad impact on (i) improving the utilization of renewable and reusable energy 
resources, (ii) reducing the world’s dependence on fossil fuels, (iii) reducing green-house 
gas emissions, (iv) reversing detrimental climate change, and (v) improving the quality of 
life for people around the world. 
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Appendix A. Supporting Information for Chapter 3 
Table A-1. Position and relative intensity of fitted N1s and C1s XPS peaks of commercial 
PVIZ. Theoretical values for PVIZ are in parentheses. 
 Nitrogen Carbon 
 –N< =N– N=C–H C–N C–H 
Position (eV) 398.6 400.5 286.3 285.4 284.5 
Atomic % 
(theoretical) 
48.2 
(50) 
51.8 
(50) 
12.99 
(11) 
32.4 
(33) 
54.6 
(55) 
Table A-2. Oxygen percentage in both commercial and iCVD PVIZ. 
 Oxygen % 
iCVD PVIZ 0.51 
Commercial PVIZ 0.82 
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Figure A-1. GPC traces for iCVD and commercial PVIZ. 
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Figure A-2. High resolution XPS spectra of (a) N1s and (b) C1s, and the corresponding 
fitted peaks of various bonding environments in each elemental region for commercial 
PVIZ. 
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Figure A-3. High-resolution O1s spectra of (a) iCVD PVIZ and (b) commercial PVIZ. 
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Appendix B. Supporting Information for Chapter 4 
Model Equations 
 The model consists of four partial differential equations of the form, one for each 
species i: 
 
𝜕𝑛𝑖
𝜕𝑡
= 𝐺𝑖 − 𝐶𝑖 −
𝜕𝑁𝑖
𝜕𝑥
 , 𝑖 = [e−, I−, I3
−, Li+] (B.1) 
where 𝐺𝑖 is the generation term, 𝐶𝑖 is the consumption term, 𝑁𝑖 is the flux, and 𝑛𝑖 is the 
concentration for species i. 𝐺e is given by: 
 𝐺e(𝑥) = ∫ 𝛼(𝜆)𝜙(𝜆) exp(−𝛼(𝜆)𝑥) 𝑑𝜆
800𝑛𝑚
300𝑛𝑚
 (B. 2) 
where 𝛼(𝜆) absorption coefficient for the dye at wavelength 𝜆, and 𝜙(𝜆) is the incident 
photon flux density. The integral limits correspond to absorption spectrum of ruthenium 
dyes. However, as suggested by Barnes et al.,339 to simplify the calculations, a single 
effective dye absorption for the N3 dye can be assumed, which is equivalent to assuming 
monochromatic light. Therefore, Eq. (B.2) can be simplified to:  
 𝐺e(𝑥) = 𝛼𝐼0 exp(−𝛼𝑥)  (B.3) 
where 𝐼0 is the incident photon flux. The rate of consumption of electrons, 𝐶e, comes from 
the major loss mechanism in the DSSC, which is the back electron transfer of electrons 
from the TiO2 to the electrolyte: 
 I3
− + 2e− ↔ 3I−  (B.4) 
The mechanism proposed for (B.4) is:53 
 I + e−
𝑘𝑓
↔
𝑘𝑏
 I−  (B.5) 
 I2
𝐾5
↔2I  (B.6) 
 I3
−
𝐾6
↔I2 + I
−  (B.7) 
Since reaction (B.5) is rate limiting, 𝐶e is given by:
53, 84 
 𝐶e = 𝑘e {𝑛e√
𝑛I3
−
𝑛I−
− ?̅?e√
?̅?I3
−
?̅?I−
3 𝑛I−}  (B.8) 
where 𝑘e= 𝑘𝑓√𝐾5𝐾6 and is denoted the electron recombination rate constant and where
is the dark equilibrium electron density, and ?̅?I3− and ?̅?I−  are the equilibrium concentrations 
en
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of I3
− and I−, respectively. The rate of consumption and generation rates are related by 
stoichiometry: 
 𝐺I3− =
1
2
𝐺e,      𝐺I− = −
3
2
𝐺e  (B.9) 
 𝐶I3− =
1
2
𝐶e,     𝐶I− = −
3
2
𝐶e  (B.10) 
Also the cation, which is usually Li+, is neither generated nor lost, so: 
 𝐺c = 𝐶c = 0  (B.11) 
The transport of the different species comes from an electrochemical potential gradient and 
a concentration gradient. So the fluxes of the different species, accounting for drift and 
diffusion, are: 
 𝑁e = −𝐷e (
𝜕𝑛e
𝜕𝑥
) + 𝑛e𝜇e𝐸  (B.12) 
 𝑁I3− = −𝐷I3− (
𝜕𝑛I3
−
𝜕𝑥
) + 𝑛I3−𝜇I3−𝐸  (B.13) 
 𝑁I− = −𝐷I− (
𝜕𝑛I−
𝜕𝑥
) + 𝑛I−𝜇I−𝐸  (B.14) 
 𝑁c = −𝐷c (
𝜕𝑛c
𝜕𝑥
) − 𝑛c𝜇𝑐𝐸  (B.15) 
where 𝐷  and 𝜇  are the effective diffusion constant and the mobility for the species, 
respectively. They are related by the Einstein relation:  
 
𝐷
𝜇
 =
𝐾B𝑇
𝑒0
  (B.16) 
where T is the temperature in Kelvin, and 𝑒0  is the electric charge. The macroscopic 
electric field, which is the result of unbalanced charge carrier distribution under 
illumination, is determined via Poisson’s equation: 
 
𝜕𝐸
𝜕𝑥
=
𝑒0
𝜀r𝜀0
(𝑛c − 𝑛e − 𝑛I− − 𝑛I3−)  (B.17) 
where 𝜀0 is the permittivity of free space is, and 𝜀𝑟 is the effective dielectric constant for 
the pseudo-homogeneous medium. 
 
Boundary Conditions  
At x = 0, the conduction electrons are the only charge carrier and at x = L, the charge carrier 
is only the ionic species. From this, it follows: 
 𝑁c(0) = 𝑁I−(0) = 𝑁I3−(0) = 𝑁e(𝐿) = 0  (B.18) 
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Furthermore, the FTO/TiO2 contact at x=0 is modeled as an ideal ohmic contact. Identically 
to,53 microscopic electric fields in the cell and screening effects are neglected along with 
neglecting Helmholtz and diffuse layers. Only a macroscopic electric field which is due to 
unbalanced charge carrier distribution under illumination is accounted for. Furthermore, 
the voltage drop across the FTO/TiO2 interface is in the range of 1 mv
53 and is neglected 
along with possible band bending at this contact.53 Finally, the surface charge between 
TiO2/FTO electrode is ignored;
71 therefore, the derivative of electrostatic potential is zero 
at x=0 and the following equation is satisfied. 
 𝐸(0) = 0  (B.19) 
This Neumann boundary condition is well established in the scientific community and is 
standardly imposed when working with DSSCs.53, 71, 84  
Also, using a well-established Butler-Volmer equation:340  
 𝑒0 (−𝐷𝑒
𝜕𝑛𝑒(𝑥=0,𝑡)
𝜕𝑥
) =  𝑗0 {√
𝑛I3
−(𝑥=𝐿,𝑡)𝑛I−
𝑂𝐶(𝑥=𝐿,𝑡)
𝑛I3
−
𝑂𝐶(𝑥=𝐿,𝑡)𝑛I−(𝑥=𝐿,𝑡)
 𝑒
(1−𝛽)
𝑒0
𝐾B𝑇
𝑢pt −
𝑛I−(𝑥=𝐿,𝑡)
𝑛I−
𝑂𝐶(𝑥=𝐿,𝑡)
𝑒
−𝛽
𝑒0
𝐾B𝑇
𝑢pt} 
(B.20) 
where the overvoltage, 𝑢pt, is defined as:  
 𝑢pt =
1
𝑒0
(𝐸CB − 𝐸Redox
0 + 𝐾𝐵𝑇ln (
𝑛𝑒(0)
𝑁CB
) +
𝐾B𝑇
2
ln(
𝑛I3
−oc
𝑛std
(
𝑛I−
oc
𝑛std
)
3)) − 𝑈int  
(B.21) 
𝐸Redox
0  is the standard redox potential, and 𝑛std is the standard concentration at 1 mol L
-1 
(it is introduced as the concentration of reference because the standard redox potential 
corresponds to this standard value). Using Kirchhoff’s law and Ref. 53: 
 𝑈int = (𝑅TCO + 𝑅ext)𝐼ext = (𝑅TCO + 𝑅ext)
𝑅p𝐴𝑗e(𝑥=0)
𝑅ext+𝑅TCO+𝑅p
  (B.22) 
where 𝑈int  is the internal cell voltage, 𝑅ext  is the external resistance, 𝑅TCO  is the 
transparent conductive oxide (TCO) film resistance, 𝐴 is the illuminated cell area, 𝑗e(𝑥 =
0)  is the current density at the front of the cell (where 𝑥 = 0 ), and 𝑅p is the shunt 
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resistance. Furthermore, the current density is related to the electron flux by the following 
definition: −
1
𝑒0
𝑗e = 𝑁e. Eq. (B.22) allows one to calculate the internal cell voltage given 
the electric flux. Conservation of charges requires: 
 ∫ 𝑛Li+(𝑥)𝑑𝑥 =
𝐿
0
𝐿𝑛Li+  (B.23) 
 ∫ [𝑛I3−(𝑥) +
1
3
𝑛I−(𝑥)] 𝑑𝑥 = (?̅?I3− +
1
3
𝑛I−)
𝐿
0
𝐿  (B.24) 
 ∫ [
1
2
𝑛e(𝑥) +
1
3
𝑛I−(𝑥)] 𝑑𝑥 = (
1
2
𝑛e +
1
3
𝑛I−) 𝐿
𝐿
0
  (B.25) 
The integral conditions are converted into differential-equation conditions with appropriate 
boundary conditions. For example: 
∫ 𝑛Li+(𝑥)𝑑𝑥 =
𝐿
0
𝐿𝑛Li+ = 𝑦 →
𝜕𝑦
𝜕𝑥
= 𝑛Li+(𝑥),    𝑦(0) = 0,   𝑦(𝐿) = 𝐿𝑛Li+  
 
Dark Equilibrium Conditions 
The dark equilibrium density of iodide, triiodide, and lithium in the pseudo-homogeneous 
medium is assumed to be equal to the initial electrolyte solution concentration multiplied 
by the porosity: 
 ?̅?𝑖 = 𝑝 ∗ 𝑐𝑖 , 𝑖 = [I
−, I3
−, Li+]  (B.26) 
Furthermore, the equilibrium density of electron is given by: 
 𝑛e = 𝑁CB exp (
−𝐸CB−𝐸F
n
𝐾B𝑇
)  (B.27) 
where 𝐸CB is the energy of the conduction band edge, 𝐸𝐹,
𝑛  is the electron quasi Fermi level, 
and 𝑁CB is the effective density of electron in the conduction band: 
 𝑁CB = 2(
(2𝜋𝑚𝑒
∗𝐾B𝑇)
ℎ2
)
3
2
  (B.28) 
Under dark conditions, the electrons in the TiO2 are in equilibrium with the redox species, 
and therefore 𝐸F
n is in equilibrium with 𝐸Redox: 
 𝑛e = 𝑁CB exp (
−𝐸CB−𝐸Redox
𝐾B𝑇
)  (B.29) 
Knowing that: 
 𝐸Redox = 𝐸Redox
𝑂𝐶 + 𝑒0𝑢pt  (B.30) 
and assuming the overvoltage is zero (since there is no current under dark conditions):  
 𝐸Redox = 𝐸Redox
𝑂𝐶   (B.31) 
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then: 
 𝐸Redox
𝑂𝐶 = 𝐸Redox
0 −
𝑘B𝑇
2
ln(
(
𝑛I3
−𝑂𝐶
𝑛std
)
(
𝑛I−
𝑂𝐶
𝑛std
)
3)  (B.32) 
 𝐸Redox = 𝐸Redox
0 −
𝑘B𝑇
2
ln(
(
𝑛I3
−𝑂𝐶
𝑛std
)
(
𝑛I−
𝑂𝐶
𝑛std
)
3)  (B.33) 
 ?̅?e = 𝑁CB exp
(
 
 
 
 
 
−
𝐸CB−𝐸Redox
0 +
𝑘B𝑇
2
ln
(
 
 
 
(
𝑛I3
−𝑂𝐶
𝑛std
)
(
𝑛I−
𝑂𝐶
𝑛std
)
3
)
 
 
 
𝑘B𝑇
)
 
 
 
 
 
  (B.34) 
Assuming 𝑛𝑖
𝑂𝐶 = 𝑛?̅? under dark conditions, one can write: 
 ?̅?e = 𝑁CB ∗
(
𝑛I3
−
𝑛std
)
𝑘B𝑇
2
(
𝑛I−
𝑛std
)
3𝑘B𝑇/2
∗  exp (−
𝐸CB−𝐸Redox
0
𝐾𝐵𝑇
)  (B.35) 
 ?̅?e = 𝑁CB ∗ (
𝑛I3
−
𝑛std
)
𝑘B𝑇
2
∗ (
𝑛std
𝑛I−
)
3𝑘B𝑇/2
 exp (−
𝐸CB−𝐸Redox
0
𝐾B𝑇
)  (B.36) 
where 𝐾B is Boltzmann’s constant (eV K
-1).  
 
Numerical Solution & Parameter Estimation  
The differential and algebraic equations of the model are solved using the MATLAB 
function bvp5c.m. We use the following algorithm: 
1. Set 𝑅ext to 2000 Ω. 
2. Solve the model equations for open-circuit conditions (Eq. (B.20) is replaced with 
𝑁e(0) = 0, and initial guesses for 𝑛𝑖,0(𝑥, 𝑡) and 𝑁𝑖,0(𝑥, 𝑡) are used). 
3. Solve for 𝑛𝑖(𝑥, 𝑡) and 𝑁𝑖(𝑥, 𝑡), which correspond to the open-circuit condition. 
4. Reduce 𝑅ext by ∆𝑅. 
5. Replace 𝑁e(0) = 0 by Eq. (B.20). 
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6. Use 𝑛𝑖
𝑂𝐶(𝑥, 𝑡) and 𝑁𝑖
𝑂𝐶(𝑥, 𝑡) as new initial guesses, found in Step 3, to 
calculate 𝑛𝑖(𝑥, 𝑡),  𝑁𝑖(𝑥, 𝑡), 𝐽, and 𝑉. 
7. Repeat Steps 4-6 (i.e., use the 0th-order continuation method) to generate the entire 
𝐽-𝑉 curve. 
For parameter estimation, the MATLAB function fminsearchbnd.m is used, which is a 
Nelder-Mead simplex algorithm equation with upper and lower bounds. The estimation 
error is defined as: 
𝑆𝑆𝐸(?⃗⃗? ) =  ∑ [(
𝐼model,𝑖(?⃗⃗? )−𝐼expt,𝑖
𝐼expt,𝑖
)
2
+ (
𝑈model,𝑖(?⃗⃗? )−𝑈expt,𝑖
𝑈expt,𝑖
)
2
] 𝑚𝑖=1                B.37 
where ?⃗⃗? = (𝑘e, 𝑗0, (𝐸CB − 𝐸Redox
0  )),  and 𝑚  is the total number of experimental data 
points.  
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Notation  
Parameters 
𝐴 cell area (m2) 
𝐶𝑖 consumption or recombination rate (m
-3s-1) 
𝐷𝑖 diffusion coefficient (m
2 s-1) 
𝐸 electric field (V m-1) 
𝐸CB conduction band energy (J) 
𝐸F
n Electron quasi-Fermi energy (J) 
𝐸Redox redox energy (J) 
𝐺𝑖 generation rate (m
-3s-1) 
ℎ Planck’s constant (J s) 
𝐼0 incident photon flux (m
-2s-1) 
𝐼ext external current (A) 
𝐽 Cell current density (A m-2) 
𝑗0 exchange current density at Pt electrode (A m
-2) 
𝑗𝑒 internal cell current (A) 
𝐾B Boltzmann constant (J K
-1) 
𝑘𝑒 electron recombination rate constant (s
-1) 
𝑚𝑒 electron mass (kg) 
𝑚𝑒
∗  effective electron mass (kg) 
𝑛𝑖 species density (m
-3) 
𝑝 Porosity 
𝑛i equilibrium density (m
-3) 
𝑁i flux of species (m
-2s-1) 
𝑁CB effective density of electron in the conduction band 
(m-3) 
𝑒0 elementary charge (C= A s) 
𝑅ext external load resistance (Ω) 
𝑅p shunt resistance (Ω) 
𝑅TCO TCO resistance (Ω) 
𝑇 temperature (K) 
𝑈int internal voltage (V) 
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𝜇i species mobility (m
2 V-1 s-1) 
𝑥 coordinate (m) 
𝑡 time (sec) 
Greek letters 
𝛼 absorption coefficient (m-1) 
𝛽 symmetry factor 
𝜀 dielectric constant 
𝜀0 permittivity of free space (F m
-1) 
𝑢pt overvoltage (V) 
𝜙 spectral incident photon flux density (m-3 s-1) 
Subscripts 
𝑒 electron 
𝐼3 triiodide ion 
𝐼 iodide ion 
𝑐 Cation (𝐿𝑖+) 
𝑟𝑒𝑓 reference 
Superscripts 
OC open circuit 
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Parametric Sensitivity Study 
 
Figure B-1. 𝐽-𝑉 curves predicted using different values of the recombination rate constant 
around the estimated value of 𝑘e=7.11x10
5 s-1. The estimated values are taken from the 
PGMA-based DSSC (see Table 4-3). 
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Appendix C. Supporting Information for Chapter 6 
 
Figure C-1. Top-down SEM of (a) as-deposited, and (b) THF-washed oCVD PANI 
films. Scale bar is 10 µm. 
Table C-1. Major peak positions and assignments for PANI 
Peak Position (cm-1) Assignment 
3304 NH Stretch 
3100-3000 CH Stretch 
1168-1160 –NH+= stretch 
CH Vibration 
865-821 CH Vibration (out-of-plane) 
1588-1577 Quinoid ring stretch 
1510-1490 Benzenoid ring stretch 
1382 CN stretch of Quinoid ring 
1635 NH scissoring vibration of aromatic 
amines 
749 CH out-of-plane bending 
688 CH out-of-plane ring deformation 
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Figure C-2. High-resolution Cl 2p (top) and Sb 3d (bottom) for the as-deposited (blue) and 
washed (green) oCVD PANI films. 
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Appendix D. Supporting Information for Chapter 7 
Table D-1. Gravimetric data on CDC electrodes before and after PANI incorporation. 
Run W1 
(g) 
W2 
(g) 
W3 
(g) 
PANI 
% 
BC 0.0114 0.0178 0.0132 13.6 
Low-T 0.0121 0.0239 0.0142 14.8 
Low-P 0.0119 0.0228 0.0145 17.9 
Low-O 0.0113 0.0221 0.0133 15.0 
W1, W2, W3 = weight of bare CDC, PANI-CDC before washing, and PANI-CDC after 
washing and drying, respectively. PANI % calculated as (W3 – W1)/ W3 × 100. 
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Appendix E. Supporting Information for Chapter 8 
 
Figure E-1 Cross-sectional (top) and top-down (bottom) SEM images of PANI film 
deposited on silicon. 
 
Figure E-2. Nitrogen adsorption-desorption isotherms for bare (red circle) and PANI- 
coated CDC electrodes (green square). 
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Figure E-3. TEM image of PANI-coated CDC. 
 
Figure E-4. Cyclic voltammograms for PANI-coated CDC electrodes at different wt% 
PANI loadings. 
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Figure E-5. Electrochemical impedance spectroscopy for bare (red circle) and PANI-
coated CDC electrodes (green square). 
 
Figure E-6. Galvanostatic charge-discharge curves for PANI-coated CDC electrodes at 
current densities of 5, 10, and 50 A/g. 
Experimental Methods  
oCVD Synthesis of Poly(aniline)  
Synthesis of PANI via oCVD was carried out using aniline monomer (Sigma 
Aldrich, ACS reagents, >99.5%) and antimony pentachloride oxidant (Sigma Aldrich, 
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99%). To produce vapors, both source vessels containing antimony pentachloride and 
aniline were heated to 60 °C. The oCVD reactor feed flow rates were controlled using low-
flow precision metering valves (Swagelok). For spectroscopic analysis, polyaniline was 
deposited onto silicon wafers and quartz glass using aniline and oxidant flow rates of 1 and 
0.8 sccm (standard cm3 min–1), respectively. Nitrogen vapor at a flow rate of 1 sccm was 
also sent through the oxidant line, which was controlled by an MKS mass flow controller 
(model 1479A). For deposition onto CDC electrodes, the same reaction conditions were 
used. The stage temperature was controlled at 90 °C using backside contact with a 
recirculating thermal fluid. All reactions were performed at a constant pressure of 0.7 Torr, 
which was controlled using a downstream throttle value and a pressure controller. 
Deposited films were soaked in a solution of THF for 3 h and subsequently dried in a 
vacuum oven at 70 °C for 14 h.  
Thin Film Characterization 
FTIR spectra of the deposited PANI polymers and aniline monomer were acquired 
using a Thermo Nicolet 6700 spectrometer in transmission mode using an MCT/A detector 
at a resolution of 4 cm-1 and averaged over 128 scans. Monomer spectra were acquired in 
ATR mode using the same resolution and number of scans. 
UV-vis spectra were acquired using an Evolution 600 UV-VIS spectrophotometer 
in transmission mode. Cross-sectional SEM images were taken using a Zeiss Supra 50VP 
with the in-lens detector at 15 kV and a working distance of 4 mm. The images were 
acquired using line integration with 7 repeats for measuring film thickness. To prepare the 
samples for SEM, they were sputtered with Pt for 30 s.  
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XPS analysis was conducted using a Physical Electronics VersaProbe 5000 with a 
micro-focused monochromatic scanned X-ray beam with an Al Kα X-ray source (1486 eV 
photons). The spot size was 100 µm at 25 W and 15 kV. High resolution Cl2p, N1s, Sb3d5, 
and C1s spectra were recorded with a pass energy of 23.5 eV and an energy step of 0.05 
eV. For the Cl2p, Sb3d5, N1s, and C1s spectra, a total of 256, 256, 2048, and 512 scans 
were acquired, respectively.  
 Electrode Fabrication 
CDC for PANI deposition was fabricated using a porous carbide derived carbon 
made from a molybdenum carbide precursor.320-321 A Quadrosorb gas sorption instrument 
(Quantachrome, USA) was used to determine pore volumes, pore size distribution and 
specific surface area (SSA) using N2 gas sorption at −196 °C. The average volume-
weighted pore size was calculated from the cumulative pore volume by assuming slit-
shaped pores and by applying the quench-solid density functional theory (QSDFT) 
algorithm. The pore size distribution is shown in Figure 4a (main paper), where there are 
three distinct pore sizes at 0.81, 1.68, and 3.38 nm. The carbon powder was mixed with 5 
wt% PTFE binder and rolled to a thickness of ~100 µm using a Durston rolling mill (UK). 
The PANI coating was deposited on the carbon electrode by oCVD and then the coated 
area was punched to an electrode diameter of 9 mm.  
Electrochemical Characterization 
For testing in a supercapacitor device, the PANI coated electrode was assembled 
into a Swagelok© (US) device in a classical 3-electrode configuration. The counter 
electrode chosen was a larger, over-capacitive activated carbon electrode, and the reference 
electrode was Ag/AgCl in saturated KCl. Platinum current collectors were used to decrease 
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the contact resistance between the carbon electrodes and stainless steel rods. Two layers of 
porous separator (Celgard, USA) were used between the electrodes, and the electrolyte 
chosen was 1 M H2SO4 in deionized water, a common high-performing electrolyte for 
supercapacitors that allows harvesting energy from redox reactions in PANI. To 
characterize the resulting supercapacitor device, cyclic voltammetry and galvanostatic 
cycling were performed using a VMP3 potentiostat/galvanostat (BioLogic, USA).  
FTIR Spectrum of Aniline 
The aniline monomer FTIR spectrum (see Figure 6-2a, main paper), which is well 
described in literature,341 has characteristic peaks at 3429, 3352, 3213, 3036, 1618, 1600, 
1467, 1273, 1174, 748, and 690 cm-1. The peak around 1618 cm-1 is due to NH2 bending or 
scissors modes. The ring stretching with a contribution to NH2 scissoring band appears at 
1600 cm-1. The band around 1467 cm-1 is characteristic of typical ring stretching. The 1267 
cm-1 peak is attributed to both C–N and ring stretching. The peak at 1174 cm-1 is due to C–
H bending. The peaks at 748 and 690 cm-1 correspond to C–H out-of-plane bending and 
out-of-plane ring deformations of a mono-substituted phenylene ring.304 
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